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COVER: Life , as we know it, is 3 chemical process. 
The elements that make up living things were creat¬ 
ed deep within giant stars. In the stars’ death throes, 
these elements are released to space, where they 
can combine into the dark molecular clouds strung 
among the stars (seen here as dark streaks in the 
Thfid Nebula). On Earth , we find wonderfully diverse 
manifestations of living chemistry (clockwise from top 
left): densely crowded coral reefs; rich r extravagant 
rain forests ; and intelligent, language-using dolphins, 
We also find a species that has questioned how fife 
began and is now using its technology to search for 
answers among the planets and stars. 

Photos: Clockwise from top left. Cart Ftoessier. Brian Parker and Ed 
Robinson: Tom Stack and Associates; JPLIWSA; background. 
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Eleanor Helin Discovers Another Comet 



PiANETARY SCIENTIST ELEANOR HELIN of the Jet Propulsion Laboratory has discovered another 
comet, the second found in her continuing search for asteroids and comets that pass dose by Earth, 
Comet P/Helin, I987w, is a short-period comet (hence the "P" before the name) that orbits the Sun 
every 14.5 years. It travels an elliptical path that takes it from beyond the orbit of Mars to near the orbit 
of Saturn. 

Helin found the tell-tale track of the comet on a photographic plate taken on August 24,1987 for the 
Palomar Sky Survey II with the 1.2 meter Schmidt telescope (now called the Oschin Telescope) at the 
Mount Palomar Observatory 

On August 25, a member of Helin's team, Steve Singer- Brewster, found another interesting object. 
Amor asteroid 1987 QB. Amor asteroids follow orbits that cross Mars 1 orbit but stay outside of Earth's. 

Planetary Society members helped make these discoveries possible. The observations were part of 
Helin's Planet-Crossing Asteroid Search (PCAS), which is supported by our members' donations to the 
Asteroid Search Fund. Her work is also funded by NASA and the World Space Foundation. 

Helin recently expressed her appreciation for the Society's support by naming an asteroid for Sasha 
Sagan, the daughter of Society President Carl Sagan and his wife, Ann Druyan. Sasha s pleased parents 
accepted the honor at the Society's Hawaii Conference in August, 

This is not the first time Helin has "given" an asteroid to the Society. In 1985 she 'donated" 

(3129) 1979MK2 and we held a contest to name the asteroid. From hundreds of entries, we chose the 
name "BonestelL" in honor of Chesley Bonestell, the undisputed dean of space artists. Mr. Bonestell 
was thrilled by this honor, and the Society staff was pleased and grateful that he was able to enjoy his 
asteroid before his death in 1986, 
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IN THE UNIVERSE 


T hroughout the ages, humanity has searched the 
stars for dues about its origin and destiny. Our 
generation is the first able to do something tangi¬ 
ble to answer questions like: How did life begin? Why is 
life the way it is? Are we alone in the universe? We are 
now at a point where scientists can devise experiments 
to address these most fundamental questions about life, 
hi this special issue of 77?e Planetar} 1 Report we will 
take a look at exobiology, the study of life in the universe. 
Scientists in this multidisciplinary research effort seek to 
understand the origin, evolution and distribution of life 
and life-related molecules throughout the cosmos. Their 
laboratory experiments, analyses of Earth s rock and fos¬ 
sil record, planetary exploration, deep-space observa¬ 
tions and analyses of meteorites and cosmic dust have 
all been integrated into a scenario describing the events 
leading to life on Earth, ft suggests that life arose through 
a series of physical and chemical processes initiated 
with the formation of the universe itself. 

Briefly, the scenario is this: First, the elements required 
for life — carbon, nitrogen, hydrogen, oxygen, phospho¬ 
rus and sulfur — originate in the formation of stars. Then 
they evolve into larger organic (carbon-based) molecules 
in space between the stars. In primitive planetary environ¬ 
ments, they combine into the building blocks of life, 
evolve into enzymes and the genetic code, organize into 
complex and stable cell-like structures, develop self-repli¬ 
cation processes, and grow from simple to complex living 
things. Both the rate and direction of these processes 
were influenced by the chemical and physical environ¬ 
ments in which they occurred. These connections with 
the solar system and planets make questions on life's ori¬ 
gins central to space science and to research on the origin 
and evolution of the universe. 

Although we have strong evidence for our short sce¬ 
nario, many pieces of the origin-of-life puzzle require 
more data that can only be gathered through space 
exploration. We need to know more about: the chemistry 
occurring in interstellar space, clouds and dust; the rela¬ 
tionships among dust, comets, meteorites and asteroids; 
the delivery of ready-made chemical building blocks for 
life to primitive planets by comets and meteorites; the 
possibility for other planets to support chemical evolu¬ 
tion and life; the potential of both the early and present 
Mars to sustain life; and the existence of planets and life 
beyond our solar system. 

Over the past few years, the scientific community has 
evaluated how planned missions and projects can 
expand our knowledge of life in the universe. From mis¬ 
sions in low Earth orbit to solar system exploration mis¬ 
sions to Earth-based projects, we have a rich suite of 
opportunities to advance our understanding of life's ori¬ 
gin and distribution. 

For example, the "great observatories" that NASA 
plans to orbit may include the Hubble Space Telescope, 
the Space Infrared Telescope Facility and the 
Astrometric Telescope Facility. These observatories will 
give us unprecedented opportunities to study the ele¬ 
ments and molecules found between the stars, the chem¬ 
ical evolution of planets, comets and asteroids, and the 
existence of planets beyond our solar neighborhood. 

NASA's proposed space station may carry devices to 
capture and study interplanetary dust in pristine condi¬ 
tion, undamaged and uncontaminated by passage 
through Earth's atmosphere and collection by high-alti¬ 
tude aircraft. 

Several planned solar system exploration missions will 
teach us more. The Comet Rendezvous Asteroid Flyby 
(CRAF) mission will study particles and dust released by 
a comet, and analyze them for life-related chemicals. 

The joint NASA-ESA (European Space Agency) Cassini 
mission will probe the atmosphere of Saturn's moon 
Titan to determine its structure, chemical composition 
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and other properties. The Voyager mission revealed that 
extensive chemistry is occurring on Titan; Cassini will 
add to our knowledge about Titan and the early solar 
system, and allow us to make deductions about chemical 
evolution oo the primitive Earth, 

We are now vigorously studying missions to Mars 
beyond the Mars Observer mission (to launch in 1992), 
Under particularly intense scrutiny is a Mars rover-sample 
return mission to examine Mars' surface and to return 
martian material to Earth, The possibility that Mars once 
supported chemical evolution will be a prime objective. 

The Soviet Union is planning an ambitious Mars pro¬ 
gram. in 1988 they will launch the Phobos mission to 
study Mars and its small, dark moons rich in carbona¬ 
ceous material. Phobos will be followed by a lander mis¬ 
sion that may launch instrument-carrying balloons to 
explore the planet. Even more ambitious sample return 
missions may follow. And, at the recent Spacebridge held 
by The Planetary Society, Soviet scientists explicitly stat¬ 
ed that one of their major goals is to continue the search 
for life on Mars. 

NASA may soon formally approve and fund a Search 
for Extraterrestrial Intelligence (SET!) project which 
would be the most comprehensive ever undertaken, If 
this happens within the next year, the first operational 
unit could be constructed, installed and tested at the 
Arecibo Observatory in Puerto Rico by October, 1992. 

Meanwhile, The Planetary Society's Project META con¬ 
tinues to search the sky visible from Harvard University’s 
Oak Ridge Observatory in Massachusetts. Although it 
has yet to find a recurring extraterrestrial signal, this 
project is only two years old, so the search has just 
begun (see the Julv/August 1987 Planetary' Report ), 

In this special issue, we present the best current think¬ 
ing and future plans on pre-life chemical evolution, the 
origin and distribution of life, and the planetary and astro- 
physical conditions that govern these processes. We have 
emphasized the ways continuing space exploration can 
help clarify our theories about life in the universe. The 
space missions and Earth-based projects will help answer 
the most fundamental questions we can ask, questions 
about the origin of the universe, and of life itself. 


Donald L. De Vincenzf Deputy f Chief of the Life Science 
Division at NASA 's Ames Research Center, is the guest 
technical editor for this special issue of The Planetary 
Report. He returned to Ames recently after seven years 
as Discipline Scientist for the Exobiology Program at /VASA 
Headquarters , Vera M Bueschep from the SETl Institute, 
Los Altos f California, provided invaluable assistance in the 
production of this issue . 
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The Cosmic, Planetary 
and Biological Processes 


M from elements formed in interstellar furnaces to 
#"7 humans peering hack at the stars , the evolution of 
X life has been a long, intricate and perhaps inevi¬ 
table process. Life as we know it requires a planet orbit¬ 
ing a star at just the right distance so that water can 
exist in liquid form . It needs a rich supply of chemicals 
and energy sources. On Earth, the combination of 
chemistry and energy generated molecules that evolved 
ways of replicating themselves and of passing informa¬ 
tion from one generation to the next, Tints, the thread 
of life began. 

This chart traces the thread, maintained by DNA 
molecules for much of its history, as it weaves its way 
through the primitive oceans, gaining strength and 
diversity along the way . Organisms eventually moved 
onto the land , where advanced forms, including 
humans, ultimately arose. Finally, assisted by a technol¬ 
ogy of its own making, life has reached back out into 
space to understand its own origins, to expand into new 
realms, and to seek other living threads in the cosmos, 


The Beginning: Evolution of the Cosmos (upper right) 


Astronomers now believe that the universe began at least 15 bil¬ 
lion years ago, when the first clouds of the elements hydrogen 
and helium were formed. Gravitational forces collapsed these 
clouds to form stars, as shown in the upper center of the illus¬ 
tration, These stars converted hydrogen and helium into 
heavier elements, including the carbon, nitrogen and oxygen 
necessary for life. Exploding stars returned these elements to 
interstellar space, forming clouds (note nebula in illustration) 
where simple molecules such as water (H 2 Q), carbon monoxide 
(CO) and hydrocarbons (combinations including hydrogen and 
carbon) were formed. These clouds then collapsed to form a 
new generation of stars and solar systems. 

In at least one solar system — our own — a variety of objects 
were formed, including comets (believed to be the most primi¬ 
tive objects in our solar system), meteoroids, asteroids and the 
planets (represented by Saturn here). One of the planets — 
Earth — formed at a distance from the Sun where conditions 
were favorable and the necessary chemical ingredients were 
available (note the infalling comet and dust) for the origin of life. 


The Pre biotic Earth l hirer right) 


The final, important events leading to the origin of life are per¬ 
haps the least understood chapters of the story. Life began dur¬ 
ing the first billion years of an Earth history 4.5 billion years 


long. The illustration depicts an Earth where volcanos, a gray, 
lifeless ocean and a turbulent atmosphere dominated the land¬ 
scape. Vigorous chemical activity is represented by the heavy 
clouds fed by volcanos and penetrated both by lightning and 
solar radiation. The ocean received organic matter from the 
land and atmosphere, as well as from infallmg meteorites and 
comets. Here substances such as water, carbon dioxide (C0 2 ), 
methane (CH 4 ) and hydrogen cyanide (HCN) formed key 
molecules such as sugars, amino acids and nucleotides. Such 
molecules are the building blocks of proteins and nucleic acids, 
compounds found in most known living things, 

A critical early triumph was the development of RNA and 
DNA molecules, which directed biological processes and pre¬ 
served life's operating instructions for future generations. RNA 
and DNA are depicted in the illustration, first as fragments and 
then as fully assembled helices. These helices formed some of 
the living threads shown in the illustration. However, other 
threads were derived from planetary processes such as ocean 
chemistry and volcanic activity. These evolving bundles of 
threads thus arose from many sources, illustrating that life was 
triggered not only by special molecules such as RNA and DNA, 
but also by the chemical and physical properties of Earth's 
primitive environments. 


The Early Evolution of Life flower center) 


Life's history is dominated by the biochemical evolution of single- 
celled micro-organisms. We find individual fossilized microbes in 











rocks 3,5 billion years old, yet we can identify the remains of 
multi-cellular organisms only in rocks younger than I billion 
years. The oldest microbial communities often constructed lay¬ 
ered, mound-shaped deposits called stromatolites whose struc¬ 
tures suggest that those organisms sought light and were there¬ 
fore photosynthetic. Stromatolites grew commonly in the shallow 
waters surrounding volcanic islands as early as 3.5 billion years 
ago. They flourished in a variety of coastal environments, which 
indicates a remarkably high level of sophistication. 

Many important events mark the interval between 3 and 1 bil¬ 
lion years ago. As the illustration shows, smaller volcanic ter¬ 
rains gave way to more stable granitic ones as the continents 
more than tripled their sizes. Organisms (the cyanobacteria or 
blue-green algae) learned how to release oxygen from water, 
and life diversified and populated the newly expanded continen¬ 
tal shelves. The illustration depicts these events, both in the 
abundant mound-shaped stromatolites along the shoreline and 
in the greater variety of filamentous and spherical microbes in 
the foreground. Finally, between 2 and 1 billion years ago, the 
eukaryotic cells with their nuclei, complex systems of 
organelles and membranes developed (note the euglena in the 
illustration) and began to experiment with multicelled body 
structures. The illustration shows a primitive jellyfish and two 
Ediaearian sea pens. 


Evolution of Advanced Life (lower (eft) 


The evolution of the plants and animals most familiar to us 
occurred during only the last 570 million years. The illustration 


shows the familiar progression from marine invertebrates to 
fish, amphibians, reptiles, mammals and humans. The develop¬ 
ment of land plant communities is also depicted, showing the 
ancient dub mosses, horsetails and ferns, and the more recent 
gymnosperms (for example, conifers) and angiosperms (flower¬ 
ing plants). 

Perhaps the most significant evolutionary innovation has 
been humanity’s ability to record and build upon its experience, 
thus triggering the rise of civilization and technology. These 
developments bring us to the present and, as the thread of life 
reaches the summit of a tree-covered hill we ponder our future. 


The Future (upper left) 


Given the huge number of stars in the universe, life has very 
likely also developed elsewhere. If this other life can control and 
transmit energy such as light and radio waves, we just might be 
able to detect it. 

As we develop missions to build a space station and to visit 
other solar system bodies such as comets, planets and moons, 
we are responding to humanity's need to return to the cosmos 
to understand life's origins and to expand its horizons 

T. Scattergood is an Adjunct Assistant Professor in the Department of 
Earth and Space Sciences at the State University of New York at 
Stony Brook and conducts his research at NASA's Ames Research 
Center D Des Marais and L Jahnke are research scientists in the 
Monetary Biology Branch at NASA Ames . The illustration was paint¬ 
ed by Robert Rausch, a freelance artist from Belmont, California. 5 
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BETWEEN THE STARS 


by William M. 


L ife — as we know it — is a chemical process, based on wafer and carbon 
compounds. Complex organic molecules are made primarily from the bio¬ 
genic elements — carbon, hydrogen, nitrogen, oxygen, phosphorus and 
sulfur—that formed deep within massive ancient stars. How did these elements 
travel from their stellar birthplaces across time and space to make up the life form 
that is reading these words? In this article, we'I! take a look at the chemical 
processes that set the stage for the origin of life. 


F rom our perspective on Earth, 
life Is fundamentally a chemical 
process. All the organisms that 
we know consist largely of water and 
complex organic molecules made pri¬ 
marily of hydrogen, carbon, oxygen, 
nitrogen* sulfur and phosphorus. It 
seems probable that, if living systems 
exist elsewhere in the universe, they are 
also made of these elements. Apart from 
phosphorus, they are among the most 
abundant elements in the cosmos and 
their chemistry is particularly well-suit¬ 
ed to the complex structures and Func¬ 
tions that characterize living systems. It 
is surely significant that life has not 
sought out rare and exotic elements for 
its basic structures, but rather has used 
the most common atomic building 
blocks the universe has produced 
In a universe between 10 and 20 billion 
years old, our solar system formed only 
4,5 billion years ago. The biogenic ele¬ 
ments must have had a long and com¬ 
plex chemical history before they were 
incorporated into life on our planet. In 
this article* I will briefly discuss the 
chemical processes that went on before 
our Earth formed* We do not yet know if 
these processes played a direct role in 
the origin of life. However, if we try to 
understand the nature and evolution of 
chemical complexity throughout the uni¬ 
verse, we will better understand the 
early chemical state of our own solar 
system* We will also have a better idea of 
how often the conditions that led to life 
here might exist elsewhere in our or 
other galaxies. 

The Primordial Element 

According to current theories, the primor¬ 
dial element hydrogen formed in the first 
millionth of a second after the birth of the 
universe. All biogenic elements heavier 


than hydrogen are formed by nuclear 
fusion in the interior of stars. Within these 
stellar furnaces, pressures and tempera¬ 
tures are great enough to turn hydrogen to 
helium, helium to carbon, carbon to oxy¬ 
gen and so on through all the known ele¬ 
ments. These elements are released as 
interstellar gas in one of two ways. Most 
are gently expelled as stars shed material 
late in their life cycles. Some are thrown off 
in the violent death throes of a massive 
star — a supernova explcxsion. 

Most of the known universe — some 
99 percent — is made of the lightest ele¬ 
ments* hydrogen and helium. Although 
within galaxies such as our Milky Way, 
there are differences in the abundances 
of the heavier elements, most galaxies 
seem to have very similar overall abun¬ 
dances* Throughout the entire visible 
universe, the elemental building blocks 
of complex organic molecules are pre¬ 
sent in much the same way that they are 
in our own solar neighborhood. 

Most modern astrophysicists have 
concentrated their attentions on stars, 
either as individual objects or as galax¬ 
ies. A star is made of a gas of individual 
atoms that have been largely broken up 
into their constituent electrons and 
nuclei. Molecules, the compounds formed 
by joining two or more atoms with 
chemical bonds, were thought to be a 
very minor Feature of astronomy A few 
simple two-atom molecules had been dis¬ 
covered in the space between the stars, 
but theoreticians were convinced that 
more complex chemical entities could 
not survive the harsh ultraviolet radia¬ 
tion of interstellar space. 

Then, about 20 years ago, astron¬ 
omers began to turn sensitive radio tele¬ 
scopes toward dark patches in the sky 
where interstellar "dust" particles were 
obscuring the light from more distant 


stars. In many cases the dust and its 
accompanying gas were clearly associat¬ 
ed with bright young stars* Such dust 
clouds are probably the environments in 
which stars form, and so they were obvi¬ 
ous targets to investigate* 

The radio radiation easily penetrated 
dusty regions opaque to visible light, and 
since most molecules can be characterized 
by their radio frequency emissions, the 
telescopes could identify molecules within 
the dust clouds* We can think of a water 
molecule, for example, as a collection of 
positive and negative electrical charges 
that are rapidly rotating as the molecule 
tumbles through space. This changing 
electrical pattern generates radio waves in 
a manner characteristic of the molecular 
structure, just as alternating electric cur¬ 
rents in a radio antenna produce emission 
at the particular frequency assigned to 
your favorite FM station. 

Molecular Clouds 

Much to their surprise, radio astron¬ 
omers discovered that vast quantities of 
molecular material drifted in the space 
between the stars. This material has a 
clumpy distribution, with the dumps 
called molecular clouds* In fact, the 
largest clouds are the most massive mo¬ 
lecular objects In the universe, contain¬ 
ing up to a million times the matter of 
our Sun. Some of these clouds are only a 
few hundred light years away, while oth¬ 
ers can be seen in the farthest reaches of 
our own and other galaxies. Some appear 
dark and quiescent, the ever-present dust 
mixing with the gas in a cloud whose tem¬ 
perature is only 10 to 20 degrees above 
absolute zero (-273 degrees Celsius, the 
temperature at which all molecular 
motion stops). In others young stars are 
forming, born from the collapse of parts 
of the cloud* At least some — and quite 
likely most — such infant stars are sur¬ 
rounded by flattened disks of material 
that may be analogous to the solar nebula 
from which our Sun and planets formed. 

The chemistry in these clouds is vast¬ 
ly more complex than astronomers 
dreamed even two decades ago. The list 
of currently identified interstellar mol¬ 
ecules in Table 1 is surely only the tip of 
the iceberg* With the recent detection of 
the first phosphorus-containing mol¬ 
ecule (PN) in an interstellar cloud, all the 





Table 1 

These are just same of the interstellar molecules discovered so far that are building blocks for biological molecules: 


CyanoacetyMe (HQCN), phosphorus nitride 
(PN) and water (H 2 0) — precursors to nucleic 
adds, the ; carriers of genetic Information. 

Formaldehyde (HCHO), formic acid (HGOGH) 
and cyanamide (NH 2 CN) — used to synthesize 
sugars and lipids* which form the membranes 
essential to life. 


Molecular hydrogen (IT), carbon monoxide (CO), 
ammonia (NH 3 }, water (H 2 0) and hydrogen 
sulfide (H 2 S) — constituents of primitive planetary 
atmospheres and the basic budding blocks of 
most of the biological molecules listed below. 

Hydrogen cyanide (HCN), acetaldehyde 
(CHjCHG) and ammonia (NHJ — precursors to 
amino acids, the building blocks of proteins. 


Around 4 billion years ago , showers of comets and meteorites may have 
carried the basic compounds of life to Earth During (heir encounters with 
Holley's Comet (background), the Vega and Giotto spacecraft detected 
many of the elements necessary hr Hie. Analyses of meteorites and 
cometary dust (left) that have fallen to Earth have shown us that these 
Interplanetary objects are Often rich in organic material. Photos: California 
Institute of Technology (background); NASAAmes Research Center (left) 


major constituents of life are present in 
the interstellar molecular inventory. 

The discovery of such familiar mole¬ 
cules as ethyl alcohol (C 2 H 5 OH — the 
compound that gives some fermented 
beverages their punch) prompted some 
astronomers to calculate the abundance 
of this boon (or bane) to humankind in a 
particular molecular cloud located near 
the center of our galaxy. The result is 
equivalent to ten thousand trillion tril¬ 
lion fifths of pure ethanol, but the proof 
is rather low (less than that of "non alco¬ 
holic" beer), and some of the flavorings 
might not be to everyone’s taste — they 


include ammonia (NH 3 ) and hydrogen 
cyanide (HCN)! Of more relevance to our 
subject, molecules such as hydrogen cy¬ 
anide, formaldehyde (HCHO), ammonia 
and water are among the basic units from 
which chemists can synthesize the nucle¬ 
ic acids, proteins and lipids that form the 
constituents of living cells. 

The processes leading to chemical 
complexity in interstellar clouds are com¬ 
plicated and still poorly understood, 
although they certainly involve the con¬ 
densation of dust around evolved stars, 
chemical reactions between individual 
gas molecules in the denser clouds, and 


interaction between gas and dust. The 
reactions are powered by the interstellar 
radiation field and by cosmic rays (the 
very high energy nuclei present through¬ 
out our galaxy, which may originate, in 
part, in supernovae). 

Because their constituent molecules 
are frozen into a solid matrix, and so do 
not rotate at identifiable frequencies, we 
cannot analyze the composition of dust 
particles by radio techniques. The devel¬ 
oping techniques of infrared astronomy, 
as well as earlier optical and ultraviolet 
observations, suggest that the dust 
grains have a composition that ranges 
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from "sand” (silicate particles) some¬ 
times coated with water, carbon dioxide 
(C0 2 ) and perhaps ammonia ice, to com¬ 
plex organic polymers. 

Surviving Molecules 

Did any complex chemical constituents in 
interstellar clouds survive the formation 
of our solar nebula, and then the Sun and 
planets? Until recently, most planetary 
scientists believed that such material 
broke up into its constituent atoms and 
later reformed into new molecules within 
the nebula. But now there is a growing 
body of evidence that this may not be the 
whole story 

Much of this information comes from 
the study of isotopes — different mass 
forms of the same element. For example, 
the lightest element, hydrogen, is known 
in three natural forms: ordinary hydro¬ 
gen (H), which has a single proton in the 


nucleus; deuterium P) or heavy hydro¬ 
gen, whose nucleus includes both a pro¬ 
ton and a neutron; and tritium, with a 
proton and two neutrons, which is too 
rare to be important in this discussion. 
Evidence from the solar spectrum, the 
atmospheres of giant planets, and diffuse 
interstellar clouds indicates that about 
one hydrogen nucleus in 100,000 is deu¬ 
terium. Radio astronomers were then 
greatly surprised to discover that in 
many interstellar molecules deuterium is 
vastly more abundant than this "cosmic" 
ratio. In hydrogen cyanide, for example, 
the ratio of DCN to HCN is more than 
1,000 times greater than we would expect 
on the basis of the l>to-H ratio itself. The 
explanation comes from chemical pro¬ 
cesses that, at the extremely low temper¬ 
atures of interstellar clouds, concentrate 
deuterium at the expense of molecular 
hydrogen. 



In a fascinating development, geo¬ 
chemists have now found striking 
enhancements in deuterium in some mete¬ 
orites — those thought to best represent 
the original composition of the solar sys¬ 
tem, This meteoritic material seems to be 
preserved interstellar matter that survived 
planet formation. Other suggestive evi¬ 
dence has come from the intensive study 
of Halley's Comet, by the flyby spacecraft, 
Vfrgas / and 2 and Giotto. Many dust parti¬ 
cles blown off the comet's nucleus were 
extremely rich in carbonaceous material. 
These small grains match very well some 
models of the interstellar dust grains. Thus 
comets may be, in fact, agglomerations of 
interstellar gas and dust. 

Although it is more speculative, we 
may conclude this chain of preplanetary 
chemistry by asking how Earth received 
its volatiles — the water, carbon dioxide 
or perhaps methane (CH^), ammonia or 
molecular hydrogen, and other com¬ 
pounds that contain the ingredients abso¬ 
lutely essential to the terrestrial chem¬ 
istry of life. Earth seems to be too close to 
the Sun to have allowed condensation of 
as much volatiles as it now holds. One 
possible answer is that, after most of our 
planet formed, Earth received a veneer of 
volatile-rich material from impacting 
comets and primitive meteorites. These 
objects' orbits might have been perturbed 
into the inner solar system during the for¬ 
mation of the giant outer planets. Such a 
scenario might deposit on Earth material 
from interstellar clouds. Perhaps some of 
these molecules reached the primordial 
Earth and helped the chemical evolution 
that led to the origin of life. 

Whether or not comets or meteorites 
hold interstellar material, they do contain 
complex organic matter. Delicate chemical 
analyses of carbonaceous meteorites have 
revealed a vast array of amino adds, the 
building blocks of proteins; nucleic acid 
bases, the building blocks of DNA and 
RNA; as well as other organic molecules 
both familiar and unfamiliar to the bio¬ 
chemist. During a brief period, some scien¬ 
tists argued for a biological origin for these 
molecules. This is now discounted, both 
by the presence of many amino acids 
that are not part of terrestrial biochem¬ 
istry, and by the lack of the "optical activi¬ 
ty" characteristic of organic molecules in 
living organisms. (Optical activity affects 
polarized light shining through a solution, 
and depends in this case on the symme¬ 
try of the biochemical molecules. It is as if 
organisms on Earth used only left-handed 
molecules, rather than both left- and 
right-handed.) 

We don't know if these complex mol¬ 
ecules were produced within the mete¬ 
orites or their precursor bodies, or were 
incorporated from preexisting (interstel¬ 
lar?) material, or both. Nonetheless, it is 
clear that the processes acting in space on 
the most abundant elements of the uni¬ 
verse are able to create a high degree of 
chemical structure. At the least, this indi¬ 
cates that a complex organic chemistry 
must operate throughout the universe. 



Photo: National Optical Astronomy Observatories 
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The Next Steps 

What are the next steps in exploring this 
most astronomically oriented aspect of 
exobiology? NASA's so-called great ob¬ 
servatories have been proposed to study 
the entire electromagnetic spectrum 
from long-wavelength radio waves to 
high-energy X-rays and gamma rays. 
NASA's Large Deployable Reflector would 
place a radio telescope in orbit above the 
atmospheric oxygen and water vapor that 
block crucial portions of the radio and 
far-infrared spectrum. In this way, key 
chemical constituents of interstellar 
clouds will be revealed. A complemen¬ 
tary instrument is the Space infrared 
Telescope Facility (SIRTF). 

The European Space Agency (ESA) is 
developing some counterpart missions: 


the Infrared Space Observatory (ISO) 
and the Far-Infrared Space Telescope 
(FIRST), whose acronym presents a chal¬ 
lenge to NASA if it is to retain its priority 
in space. Although only ISO is now an 
approved mission, all these projects 
have been studied in detail, and FIRST is 
among the cornerstone missions con¬ 
templated by ESA as the basis for the 
European Space Science Program for the 
rest of this century. 

Among the solar system missions 
being considered, NASA's Comet Ren¬ 
dezvous Asteroid Flyby (CRAF) and 
ESA's Comet Nucleus Sample Return 
would most directly complement exist¬ 
ing studies of preplanetary chemistry. 
The CRAF spacecraft would fly along 
with a periodic comet through much of 


its orbit, measuring its chemical compo¬ 
sition in much more detail than Giotto 
and the Kegas did during their fast flybys 
of Hailey's Comet. Of course, the most de¬ 
tailed and complete picture of cometary 
organic chemistry will come from a sam¬ 
ple return — certainly a fascinating 
prospect! 


William Irvine is Professor of Astronomy 
and Director of the Five College Radio 
Astronomy Observatory at the University' 
of Massachusetts in Amherst Me was co- 
chairman of the NASA-sponsored Exo¬ 
biology in Earth Orbit Workshops held in 
1984 and 1985. Dr. Irvine is a member of 
the Space Science Board Committee on 
Planetary Biology and Chemical 
Evolution . 
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THE ORIGIN OF 



by James P. Ferris 


r he atmosphere of the primitive Earth rich 
in the biogenic elements that would eventually 
combine into life-forms. Belching volcanos 
released many of the compounds into the atmosphere; 
comets and meteorites carried more of the life-forming 
elements to the early Earth . The heat of volcanic ac tivi¬ 
ty, lightning and ultraviolet radiation from the Sun pro¬ 
vided energy to transform simple molecules to the com¬ 
plex organic chains that would eventually replicate 
themselves and become living. This process was rela¬ 
tively rapid; sometime during Earth's first billion years 
the transformation was complete. As recorded in the 
fossil record, by 3.5 billion years ago, life was firmly 
established on Earth , Here we take a look at the chemi¬ 
cal processes of life, 


f n 1952 a first-year graduate student at the University 
of Chicago persuaded the Nobel laureate Harold 
Urey that he knew how to experimentally test Urey's 
postulate that life originated on Earth in an environment 
without free oxygen. Stanley Miller's laboratory experi¬ 
ments were the first to successfully investigate the ori¬ 
gins of life. He generated amino acids, the building blocks 
of protein, by passing an electric discharge through a 
mixture of methane (CH^), ammonia (TVH 3 } t hydrogen (Hi) 
and water vapor (TEQ). Miller assumed that Earth's early 
atmosphere consisted mainly of these gases and that 
lightning converted them to the precursors of biological 
molecules. 

Urey had developed this scenario for a hydrogen- and 
methane-rich atmosphere from his study of the chemical 
processes in the hydrogen-rich atmospheres of Jupiter 
and Saturn, He had assumed that the primitive Earth har¬ 
bored similar processes. More recent studies suggest 
that there were much smaller amounts of methane, 
ammonia and hydrogen in the atmosphere of early Earth. 
However, the early experiment of Miller and Urey clearly 
demonstrated that understanding chemical processes on 
other bodies in our solar system is an important first 
step in modeling the chemical events on early Earth, 

Our solar system formed about 4.5 billion years ago 
from a cloud of interstellar gas and dust. The cloud col¬ 
lapsed into a revolving disk of dust and molecules from 
which the Sun, planets, moons, asteroids and comets con¬ 
densed. The inner planets — Mercury, Venus, Earth and 
Mars — contain a much higher proportion of the heavier 
elements than do the outer planets — Jupiter, Saturn, 
10 Uranus, Neptune and Pluto. Higher temperatures near the 


Sun made it hard for the inner planets to retain hydrogen 
and the other lighter elements. The massive amounts of 
hydrogen and helium in Jupiter and Saturn reflect temper¬ 
atures below -120 degrees Celsius in the regions where 
they formed. So Jupiter is not a good model for primitive 
Earth, and the amount of hydrogen, methane and ammo¬ 
nia in Earth's early atmosphere would have been much 
less than Miller used in his initial studies. 

Extraterrestrial Organic Compounds 

Researchers are increasingly considering extraterrestrial 
material as an important source of the organic com¬ 
pounds that triggered life on Earth, Since there is evidence 
for intense meteoritic bombardment before 3,9 billion 
years ago, meteorites may have been a major source of 
chemical compounds on the primitive Earth, Particularly 
interesting are the carbonaceous meteorites that contain 
up to five percent carbon. By extracting material from 
these meteorites with water and dilute add, we get a vari¬ 
ety of organic compounds, including amino adds, some of 
the bases of RNA and DNA, and other components of bio¬ 
logical systems. This suggests that the biological polymers 
essential for life were formed from molecular building 
blocks brought to Earth by meteorites. 

Interstellar dust particles also may have transported 
organic material to the primitive Earth, About 10,000 
tons of this dust floats through the atmosphere to 
Earth's surface each year. This "stardust” comes mainly 
from the disintegration of comets passing near the Sun. 
Since some of these particles carry organic material, 
they also may have brought organics to Earth. 

Comets also contain organic materials. Those that col¬ 
lided with Earth may have been another source of the 
organic precursors to life. The Vega and Giotto spacecraft 
found that Halley's Comet is larger and richer in organic 
material than was predicted. One of its identified organic 
polymers is formaldehyde. This is an especially sugges¬ 
tive finding because primitive Earth simulation experi¬ 
ments indicate that formaldehyde (HCHO) had a central 
role in forming some amino acids and carbohydrates. 
Thus cometary impacts on the early Earth may have pro¬ 
vided enough reactive organic compounds to start the 
chemical processes leading to biological polymers. 

We can learn about conditions on the primitive Earth 
by sending landers and orbiters to probe the atmo¬ 
spheres and surfaces of our planetary neighbors. 
Spacecraft sent to Mars and Venus established that their 
atmospheres are mostly carbon dioxide (CO*), Both plan¬ 
ets have a little water in their atmospheres, and the data 
suggest that the quantity of water was once much 
greater than it is today. Because Earth is flanked by Mars 
and Venus, we can conclude that carbon dioxide and 
water were also major constituents of Earths early atmo¬ 
sphere. Thus, several lines of evidence conflict with the 
methane-rich atmosphere postulated by Miller to demon¬ 
strate a possible route to amino acids on Earth, 

The Origins of Life 

How did life originate on Earth? We don't know the 
details, but in one view it was a process that moved from 
simpler to more complex molecules. The chemical reac¬ 
tions leading to life depended on the conditions on the 
early Earth. Because our understanding of the planet's 
early history is not precise enough to define these condi¬ 
tions, we must rely on scenarios derived from our cur¬ 
rent, far from complete, knowledge. 

In devising a scenario, the first question to be consid¬ 
ered is: When did life originate? We don't know exactly 
but some events on the timeline in Figure 1 will help 
define the time period. Since Earth is about 4.5 billion 
years old, we can correlate a 450-mile trip from Washing¬ 
ton. DC to Boston with a 4.5-billion-year trip through 
time. Each 100 miles is equivalent to a billion years. 
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Imagine starting out in Washington 4.5 billion years ago 
when our solar system had just formed. As we proceed on 
our imaginary time trip from Baltimore to Delaware we can 
see the earliest life on Barth flourishing near Wilmington. 
Microbial life is all that we see as we travel the next 2.5 bil¬ 
lion years from Wilmington to Hartford, Connecticut, The 
kinds of fossilized life that we see in many museums, such 
as reptiles and dinosaurs, evolved less than half a billion 
years ago, close to Boston. The most primitive form of 
humankind does not appear until we reach the vicinity of 
Harvard Square, just outside Boston. It s a short trip from 
there to the more highly evolved forms in the Boston 
Common at the center of the city. 

Fossils of tiie oldest known life, present on Earth 3.5 
billion years ago, look like filamentous algae and repre¬ 
sent a complex and highly evolved form of life. This com¬ 
plexity suggests that the first simpler forms must have 
originated before 3.5 billion years — well before 
Wilmington, Delaware on our time line. We can define the 
time more specifically with the help of astronomers. 
They tell us that Earth underwent an extensive meteorit- 
ic bombardment about 4 billion years ago, around 
Baltimore on our imaginary trip. If bombardment was 
very intense it may have prevented life from evolving or 
killed off what life already existed. If we assume that the 
end of the bombardment was the earliest possible date 
for the start of life, and the 3,5-billion-year-old micro¬ 
bial fossils was the latest possible date, then we can con¬ 
clude that life originated a little less than 4 billion years 
ago (at the Maryland-Delaware border). 

What was Earth like 4 billion years ago? Our ideas 
have changed since the early experiments of Miller and 
Urey. We now believe it had an atmosphere consisting 
mainly of carbon dioxide, water vapor and nitrogen, with 
little or no methane, ammonia or hydrogen. The sea sedi¬ 
ments, permeated with water and minerals, trapped 
organic compounds from the surrounding medium. The 
temperature extremes were probably not much different 
from those on Earth today. 

How did the complex molecules of life form in this 
environment? The exact process is not known, but it 
probably started by reactions among simple molecules 
brought to Earth by interstellar dust, comets and mete¬ 
orites, as well as substances formed by electric dis¬ 
charges, ultraviolet light and other energy sources acting 
on Earth's primitive atmosphere. These simple com¬ 
pounds condensed either in water — or more likely on 
the surface of sediments — to form amino acids and 
nucleotides, and then protein and nucleic acids. The con¬ 
densation reactions may have been driven by reactive 
compounds formed in Earth's atmosphere by ultraviolet 
light and electric discharges. Hydrogen cyanide and 
other reactive derivatives are among the energy-rich 
compounds being investigated as such chemical drivers. 

Alternating wet-dry cycles, similar to those in deserts 
on contemporary Earth, have also been studied. In this 
scenario the polymer building blocks formed by electric 
discharges and ultraviolet light are washed into a lake 
which is then dried by the Sun's intense heat. The con¬ 


densation reactions could occur in this dry, hot environ¬ 
ment. Then more rain comes, bringing additional organic 
material to the lake, A later dry spell leads to the growth 
of larger polymers from these new building blocks. This 
repetitive sequence could eventually form the large 
molecules that organized into the first life. 

Catalysis (the tendency of chemical reactions occuring 
on a substrate to yield particular products) would have 
been an essential part of this condensation process. 
Random chemical reactions would have formed a variety 
of organic compounds, many of which could not have 
led to life. Unproductive chemical diversity may have 
been limited by catalysts that favored the synthesis of 
specific molecules important for life. These catalysts 

(continued on page 28 ) 


Life as we know it is a chemical activity 
A few of the more important elements in the game are: 


Amino Acids: A type of 
targe molecule containing 
carbon, nitrogen and 
hydrogen atoms. Twenty are 
found in living tissue where 
they serve as the building 
blocks of protein. 

Carbohydrates: Organic 
compounds consisting of a 
chain of carbon atoms to 
which hydrogen and oxy¬ 
gen are attached 

Catalysts: Elements and 
molecules that greatly 
accelerate chemical 
reactions. 

Condensing Agents: 

Compounds that facilitate 
the joining together of 
molecules. 


DNA (Deoxyribonucleic 
Acid): The famous 
"double helix” molecule that 
carries genetic information. 

Energetic Compounds: 

Molecules that are able to 
activate other molecules 
and facilitate their chemical 
reactions. 

Nucleic Acids: Complex 
polymers built up of nucleo¬ 
tides which embody the gene¬ 
tic code (DNA) and assist 
with its transmission (RNA). 
Nucleotide: Compounds of 
carbohydrate r nitrogen and 
phosphorus that serve as 
the building blocks of 
nucleic acids . 


Organic Molecules: 

Complicated molecules 
composed principally of 
carbon and hydrogen. 

Some are the products of 
living processes. 

Polymer: Long chain-like 
molecules formed by the linking 
together of small units. 

Protein: Complex polymer 
built of amino acids , Essential 
constituents of all living ceils 
which earn out the cell's 
chemical reactions. 

RNA fRihimiideic Acid): 

A family of molecules that aid 
the transmission of genetic 
information from one cel! 
generation to another 


Figure 2: DNA (left) and protein (center), the polymers central to contemporary 
life, are very different in structure. RNA (right) provides the link between the two 
in activity and shape, illustration.: s.a. Smiih 
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MARS, THEN AND NOW 


by Norman H. Horowitz 


F or centuries before spacecraft 
transformed our understanding of 
the solar system, almost ail the 
planets were believed, with varying 
degrees of conviction, to be inhabited. This 
belief conformed to the Copern lean world 
view, in which Earth is not unique among 
the planets. When the Space Age opened in 
1957. the evidence for indigenous life was 
strongest for Mars — almost conclusive, 
on the face of it — and from the beginning 
the search for life on Mars became a major 
goal of the United States' space program. 
The result was the historic series of space¬ 
craft that began with Mariner 4 in 1965 and 
ended with Vikings 1 and 2 in 1976, 
Unfortunately, no life was found on 
Mars, and it seems clear that no life exists 
on Mars today. How Mars' early promise 
turned to disappointment is the subject of 
this article. Even in the cold light of reality, 
however, Mars is a planet of much interest, 
thanks to the findings of the Mariner and 
Viking missions. And some important ques¬ 
tions about Mars are still to be answered, 

Lowellian Mars 

The picture of Mars that prevailed in the 
early 1960s, when spacecraft began to 
explore the planets, was very different from 
12 the picture we have today. It was based on 


the ideas of Percival Lowell, the American 
amateur who established the Lowell 
Observatory in 1894 for the express pur¬ 
pose of studying Mars and who convinced 
himself and much of the public that Mars 
was inhabited by intelligent beings. 

Seen from a distance, Mars is remark¬ 
ably Earthlike in appearance. It has a near¬ 
ly 24-hour day, and because of the tilt of its 
spin axis, it has seasons like our own. It has 
polar caps that wax and wane with the sea¬ 
sons, and large areas that change color 
seasonally. All of this proved to Lowell that 
Mars harbored life: The caps were water 
ice, and the color changes demonstrated 
the response of vegetation to seasonal 
variations in the availability of water. 

To this, Lowell added what was for him 
convincing evidence that Mars also had 
intelligent life: the famous canals. These 
consisted of a network of straight, thin 
lines covering the surface of the planet. 
These markings, Lowell believed, were 
bands of vegetation bordering irrigation 
canals built by intelligent Martians. By 
1908, 585 canals had been identified at the 
Lowell Observatory. Even in Lowell s day, 
these were regarded by skeptics as fig¬ 
ments of his imagination, and we know 
today that they do not exist, 

Lowell was tireless in promoting his 


Martian fantasy with the public through 
books, articles and lectures, but when he 
died the heroic race of Martians that he 
had created also died, except in science fic¬ 
tion. The rest of Lowell s picture of Mars — 
including the icecaps, the seasonal move¬ 
ment of water, and the vegetation — sur¬ 
vived, however. Amazingly, these pieces of 
Lowell s Martian romance — all of them 
conveying a Mars suitable for life and all of 
them illusory — were corroborated by later 
generations of planetary astronomers. 
When the Space Age opened, these ideas 
were part of the accepted view of Mars. 

The first important Martian discovery of 
the Space Age was that the Lowellian pic¬ 
ture of Mars was false. How this picture 
came to be—how it was possible for a fic¬ 
tional Mars to be endorsed by modern sci¬ 
ence — may be the ultimate Martian mys¬ 
tery. It is a question for human psychology, 
however, not planetary science, and will 
not be pursued here. 

The Real Mars 

The downfall of Lowellian Mars did not 
begin with the observations of spacecraft 
but with a single infrared spectrogram of 
Mars taken at the Mount Wilson Obser¬ 
vatory in 1963. This plate showed that 
there was something badly wrong with a 
key element of the Lowellian story: the pres¬ 
sure of Mars' atmosphere. On a dry planet 
the atmospheric pressure is important be¬ 
cause water evaporates faster under a low 
pressure than under a high one. Lowell 
knew, of course, that Mars had little water 
— that is why his Martians built vast water 
projects. In 1908, Lowell had estimated 
Mars' atmospheric pressure at 64 millime¬ 
ters of mercury (compared to 760 milli¬ 
meters for our planet), and this value was 
still accepted in 1963, although by then 
Lowells name was no longer attached to it. 
The value had been "confirmed" by later 
observers, along with the rest of Lowell's 
model, but Lowell was an embarrassment 










to modern students of Mars, and his name 
was rarely mentioned. 

The Mount Wilson observation showed 
that Mars' true pressure was much lower 
than Lowell thought, and we now know, from 
measurements made from spacecraft, that 
Mars' average atmospheric pressure is only 
4,5 millimeters of mercury. Under a pressure 
of 64 millimeters water boils at 43 degrees 
Celsius, while at 4.5 millimeters it boils at 0 
degrees. On Earth, the boiling point of water 
is 100 degrees Celsius at sea level (Mars' situ¬ 
ation is actually much worse than these fig¬ 
ures suggest, since there is far too little water 
vapor in the atmosphere for liquid water to 
form on the surface; in short, there is no 
water to boil off.) 

By 1969, just six years after the publica¬ 
tion of the Mount Wilson findings, a flood of 
new observations from Earth and from 
Mariners 4 t 6 and 7 completed the "delowel- 
lizaton" of Mars. The atmosphere was found 
to be mostly carbon dioxide; the icecaps 
were frozen carbon dioxide, not water ice 
and there was no seasonal transfer of water 
across the planet; the evidence for vegeta¬ 
tion was illusory. By 1970, Mars presented 
so unpromising a scene biologically that it 
would have been hard to argue rationally 
that a search for life should be the grand 
theme of the planned landers on Mars. 

A change took place in 1971, the year 
that Mariner 9 orbited Mars, Mariner 9 found 
that Mars had been geologically active in 
the distant past. Large extinct volcanos 
were found — and clear evidence of 
ancient streambeds. (Since they cannot be 
seen from Earth, these features have no 
relationship to Lowell s canals.) 

The evidence that liquid water existed 
on Mars, even if only in the remote past, 
improved the biological outlook signifi¬ 
cantly. Liquid water is essential to life as 
we know it, and it may well be essential for 
life anywhere in the universe, since no 
other substance shares all the remarkable 
physical and chemical properties of water. 


Its role is not simply that of a solvent. It 
also has an active part in cellular chem¬ 
istry — as active a part as, say, sugar or 
DNA. Water is not a rare substance in the 
universe; on the contrary, it is abundant. 
What is rare is liquid water on a planetary 
surface, where it is exposed to sunlight, 
the ultimate energy source for living 
things. This arrangement, we believe, is 
essential for the existence of life on a plan¬ 
et — so much so, that any planet found to 
have water on its surface should automati¬ 
cally be considered a promising object for 
biological investigation. Conversely, dry 
planets are not attractive biological targets. 

The Viking Mission 

If water ran on Mars in the past, then life 
may have originated there too. If so, it was 
conceivable that it still survived. It was 
agreed that the search for life would be the 
major theme of the Viking mission. 

Most readers of The Planetary Report are 
probably aware of the outlines of this 
famous mission; two spacecraft, each con¬ 
sisting of an orbiter and a lander, and car¬ 
rying identical sets of instruments. (See 
the July/August 1986 Planetary Report ,) 
One lander put down in Chryse Planitia in 
the northern hemisphere of Mars, the 
other in Utopia Planitia, 1,500 kilometers 
farther north and on the opposite side of 
the planet. The biologically important ob¬ 
servations consisted of global temperature 
and water-vapor measurements from the 
orbiters and, from the landers, close-up pho¬ 
tography, organic analysis of surface sam¬ 
ples, and attempts to detect metabolic 
activity of soil microorganisms. 

The cameras sent back memorable land¬ 
scapes of a desolate, rocky Mars. Careful 
study of these pictures revealed no traces 
of life. This was no surprise, since only 
microbial life seemed possible for Mars, 
and the Viking cameras could not have 
detected it. Organic analysis of the soil was 
more likely to be informative, although it 



was recognized that even a lifeless Mars 
would probably have organic matter (com¬ 
pounds of carbon and hydrogen with or 
without other elements) in its soil 
There are non-biological sources of 
organic matter, and one of them is mete¬ 
orites. Mars is near the asteroid belt, 
where meteorites originate, and should 
have accumulated enough meteoritic mate¬ 
rial over the ages to register a signal on the 
sensitive Viking instrument. The actual 
result — no trace of organic matter at the 
parts-per-billion level of detectability — 
was the single most important result of the 
Viking mission. It essentially excluded the 
possibility of life in these soils. 

Of the three microbiological experiments, 
two were Lowellian in the sense that they 13 









assumed that Martian organisms, if any H lived 
in an aqueous environment. These experi¬ 
ments brought martian soil into contact with 
aqueous solutions of organic compounds 
and measured the metabolic response- The 
third experiment was designed to search for 
life under actual martian conditions. It 
employed gases known to be present in 
Mars' atmosphere (carbon dioxide and car¬ 
bon monoxide) as probes of metabolic activi¬ 
ty; no liquid water was used. 

All three experiments sent positive sig¬ 
nals from Mars. Given the fundamentally 
different assumptions of the experiments, 
it seemed clear that they could not all be 
detecting the same Martian life. The ques¬ 
tion was whether any of them had found 
life — a finding that would be hard to rec¬ 
oncile with the failure to detect organic 
matter in the soil — or whether they had 
discovered a chemically reactive Mars. 
The latter turned out to be the case. The 
aqueous experiments were, in all probabili¬ 
ty, responding to OH radicals (or peroxides 
derived from them) in Mars' soil. 

OH is produced from atmospheric water 
vapor by solar ultraviolet light. On Mars it 
would diffuse into the dry soil and there 
act as a strong oxidizing agent. Us pres¬ 
ence on Mars had been predicted before 
the Viking mission. Its oxidizing power can 
explain not only the results of the aqueous 
experiments, but why organic matter is 
missing, and why Mars is a rusty red color. 


As for the dry life-seeking experiment, 
post-Viking laboratory simulations indicate 
that it was probably measuring a reaction 
between carbon monoxide and certain 
iron-containing minerals on Mars. (Viking 
found that Mars’ surface contains 13 per¬ 
cent iron.) 

The two sites that Viking sampled were 
very similar in their surface chemistry. Tills 
similarity reflects the importance of global 
forces in shaping Mars’ environment, forces 
like the extreme dryness, the pervasive 
short-ultraviolet radiation, and the planet* 
wide dust storms. Viking found that Mars is 
even drier than was previously thought. The 
highest abundance of atmospheric water 
vapor was found around the edge of the 
north polar icecap in midsummer. Equatorial 
latitudes, where temperatures rise above 
freezing and which for this reason were 
thought, in pre^Vifcmg days, to be favorable 
for life, are desiccated — the driest part of 
the planet. The dryness alone would suffice 
to guarantee a lifeless Mars; combined with 
its radiation flux. Mars becomes almost 
Moon-like in its hostility to life. 

The idea sometimes heard, that there may 
be an oasis on Mars, a Garden of Eden where 
Martian life is nourishing, is a daydream. The 
oasis would reveal itself in photographs by a 
permanent cloud above it and by snow on 
the ground. Nothing like this has been seen, 
and it is most unlikely that such a place 
exists or can exist on Mars. 


Looking Ahead 

The picture we now have of Mars is coher¬ 
ent and, we think, realistic, but it needs to 
be confirmed and expanded. This can best 
be done with samples collected by auto¬ 
mated spacecraft and returned to Earth, 
where they can be examined in terrestrial 
laboratories. The active chemicals in the 
surface material — radicals, peroxides or 
whatever — require identification. There 
may be surprises here since it is likely that 
the plume from the spacecraft retrorockets 
destroyed the most reactive molecules al 
the Viking landing sites. Samples returned 
from Mars should also include a deep core 
to be analyzed for organic material; if any 
is found, it should be characterized to 
determine, if possible, whether it is of bio¬ 
logical or non-biological origin. The core 
ought to be examined for fossils, as well. 

Everyone should understand, however, 
that the question of early Martian life is 
more likely to be answered by a compre¬ 
hensive study of the geological history of 
Mars than by a shot in the dark. This will 
be the challenging task of mobile robot 
missions of the future.__ 

Norman Horowitz is Emeritus Professor of 
Biology at the California Institute of Tech¬ 
nology, He is a member of the National 
Academy of Sciences and was a member of 
the Viking Biology Team . Dr Horowitz* 
recent book ; 'To Utopia and Back r " is avail¬ 
able from The Planetary Society 


BIOLOGY AND THE 
EXPLORATION OF MARS 


by Harold P. Klein 


M ars lias been an object of great 
interest for most of this century. 
We are all familiar with many 
examples from early science fiction filled 
with the activities of 'little green men" or 
other sentient Martian creatures. Such 
fanciful tales still intrigue many people, 
and films, television and books still project 
these images. In some subtle way, these 
notions are probably related to our deep 
desire to understand our own origins and 
evolution. 

To biologists interested in these ques¬ 
tions, Mars holds a special importance 
because there we can test many aspects of 
the theory of chemical evolution for the 
origin of life. (See page 10.) In this theory, life 
on a planet arises when the so-called 
14 biogenic elements produced as stars evolve 


(notably the cosmically abundant elements 
hydrogen, nitrogen, carbon and oxygen) 
combine to form increasingly more complex 
molecules under the influence of natural 
energy sources. The resulting organic 
compounds are then spread through the 
interstellar medium to newly forming 
planets, Given a planet with a hospitable 
environment, the process continues until 
self-replicating organic molecules form, 
constituting life. Once started, a living system 
depends on the capacity of the life forms to 
adapt to changing environmental conditions. 

In considering this theory, Mars is par¬ 
ticularly significant for many reasons. First, 
it formed at about the same time as Earth, 
and from the same nebular cloud of dust 
and gas. From Earth-based astronomy and 
from spacecraft measurements, we have a 


superficial understanding of the current phy¬ 
sical environment of Mars. The biogenic 
elements are there today in the martian 
atmosphere and, as at Earth, solar energy 
and planetary heat are available to drive 
chemical reactions. Second, the evidence 
strongly suggests that Mars may have had 
an early history similar to Earth's. Various 
scientists studying the Viking Orbiter im¬ 
ages have concluded that liquid water 
once flowed across Mars, For certain flow 
features to have formed, Mars must have 
had a much denser atmosphere and higher 
global temperatures than it does today. 
This is an important concept, since 
many lines of evidence indicate that living 
organisms were flourishing on Earth within 
its first billion years — at a time when the 
environment on Mars may have been very 
similar. Thus, it is not unreasonable that 
chemical evolution leading to complex 
organic compounds, and even to replicating 
molecules, also took place on Mars in its 
early history. Finally, its chemical and 
physical characteristics make Mars an 
extremely attractive target for biologists — 
a target accessible by spacecraft. 

How Much Do We Know? 

Our knowledge of Mars can best be 
described as paradoxical. Most of what we 
know has come from the two Viking Landers 
that studied Mars during 1976 and 1977, The 
mission investigations covered a broad 
range of possible ways to detect signs of 
chemical evolution, from the organic analysis 
instrument, designed to characterize organic 





compounds, through the biological instru¬ 
ments, intended to measure metabolic 
activity of micro-organisms, to the imaging 
system that could have detected direct or 
indirect visible signs of life. 

The most surprising data were the 
absence of any detectable organic com¬ 
pounds at the two landing sites. Before the 
mission, we anticipated that, at the very 
least, meteorite^ from the neighboring 
asteroid belt would have supplied some 
organics. But none were found. On the 
other hand, Viking did indicate that the 
surface contained unidentified strong ox- 
id ant(s) that could account for the absence 
of organics. We still do not know the 
identity and distribution of this material, in 
the samples tested, its apparent concen¬ 
tration varied over a 10-fold range and was 
inversely correlated with the water content 
of the samples. That is, the highest oxidant 
concentration was found at the driest site. 
If this inverse correlation with water con¬ 
tent is correct, we should identify other 
sites on Mars where the oxidant is pre¬ 
sumably absent — such as the "wet 11 polar 
regions — and probe there for organics. 

As for the possibility of replicating 
systems on Mars, after analyzing hundreds 
of Lander images, the imaging team saw no 
signs suggesting life. Nor was there un¬ 
equivocal evidence for metabolic activity 
in any surface samples tested by the 
biology instrument. Some of the data from 
the metabolic experiments are consistent 
with a biological interpretation, but only if 
we ignore all the Viking results and the 
Earth-based studies that were carried out 
in efforts to understand them. 

l¥/iaf Questions Remain? 

In contemplating future missions to Mars, 
we are almost completely ignorant of 
questions fundamental to biology. What 
was the course of chemical evolution on 
Mars? Did organics survive long enough to 
grow into biologically significant mol¬ 
ecules? Did such a process ever form rep¬ 
licating systems, perhaps early in Mars' 
history? If so, was the resulting life able to 
adapt to changing conditions as the planet 
gradually lost most of its atmosphere, dried 
out and became inhospitable? Are there any 
specialized ecological niches on Mars where 
indigenous organisms may still thrive? 

The Soviets, in describing their plans for 
Mars exploration (at the Spacebridge 
sponsored by The Planetary Society) ap¬ 
pear to place a high priority on looking for 
such biological oases and in searching for 
living organisms at such sites. We should 
remember that the Vikings sampled ma¬ 
terial from broad, essentially featureless 
plains. Recognizing the variety of the plan¬ 
et’s topography and the implied potential 
for different micro-environments, we 
cannot confidently extrapolate the Viking 
results to the entire globe. 

On Earth, some microorganisms have 
retreated inside rocks in Antarctica, where 
they have created, or helped create, an 
environment sufficiently different from 
their surroundings to allow them to grow. 
Others have adapted to life in total 



ABOVE: The Viking 1 Orbiter imaged Hebe s Chasma, a canyon within Vaites Mariner is, the rift in the martian surface 
that stretches one-fifth of the way around the planet. The central plateau of layered deposits within Hebes Chasma 
has attracted the attention of some scientists, who believe that it could have formed within an ancient lake, tmzge: jplnasa 

INSET: Life has managed to penetrate every conceivable niche on Earth, and even some that seem inconceivable, 
such as within rocks found in the dry valleys of Antarctica, To find shelter from the extreme weather, fife-forms have 
colonized minute spaces between the mineral grains. Some scientists have speculated that martian iife might be as 
tenacious and opportunistic . Photo NASA Ames Search Center 


darkness, far from the sunlight that drives 
photosynthesis, in or near submarine hot 
springs that vent at scalding temperatures 
from the ocean floor. 

These examples dispose us to ask whether 
conditions anywhere on Mars can still 
support organisms — if life ever existed 
there. Certainly our current picture of Mars 
— of an extremely arid and oxidizing envi¬ 
ronment — seems to make it unreasonable 
to think that complex, replicating, organic 
entities exist on Mars, However, without a 
more complete picture of the phases and 
global distribution of water on Mars, of the 
nature and global distribution of the myster- 
ious oxidant(s), and of the nature and 
distribution of any organics, it s premature to 
dose the book on this question. 

To many biologists, another scenario 
seems more plausible: Chemical evolution 
on Mars may well have produced living 
organisms under earlier, more benevolent 
conditions, but these organisms couldn't 
adapt to worsening conditions over geo¬ 
logic time and became extinct. So, while 
Mars may now be a dead planet, it may still 
hold evidence of life from its early history. 
This evidence may exist — as it does for 
the early Earth — as fossils, the preserved 
or modified organic remains of life, or as 
carbon-, nitrogen- and sulfur-containing 
materials that show isotopic ratios 
characteristic of biologic processes. 

Of course, In this scenario the time-span 
available for biological development and 
diversification is critically important. If 
Mars' primordial atmosphere was quickly 
lost, the evolution and distribution of life 
forms would have been short-lived. How¬ 
ever, if suitable conditions lasted for even 
a billion years, life could have been widely 
dispersed. Within Earth's first billion years, 
microbial ecosystems became well-estab¬ 
lished and well-distributed, as we know 
from complex, fossilized stromatolite com¬ 
munities from Australia and southern 
Africa, If vestiges of an early biologic era 
remain on Mars, we will need to do 
considerably more exploring to find them. 

While large areas of Mars appear, from 


Viking images, to have been covered re¬ 
cently by volcanic material, much of the 
surface seems to be ancient, dating back to 
the first billion years of the planet's evo¬ 
lution. Subsurface samples from these areas 
would be useful to study. Other features 
indicate that flowing water cut numerous 
channels into the martian surface. Extensive 
networks of valleys also appear to be 
extremely old. Moreover, some canyons 
within the giant Valles Marineris seem to 
be made of layered sediments, suggesting 
that they were deposited in standing 
bodies of wafer. Evidence of early biology 
may yet exist in this region, and it is a 
prime target for investigating the chemical 
evolution of Mars. 

Other Approaches 

We will need many missions to Mars, and 
many different approaches, to test 
adequately our theories about chemical 
evolution on this neighboring world. We 
may find that the forces of nature took a 
course on Mars consistent with our ideas 
about how life evolved on Earth. This 
would, of course, be extremely important 
verification of our ideas. Conversely, we 
may find no persuasive evidence to sup¬ 
port the theory. In this case, we may learn 
— or deduce — why the process was pre¬ 
vented or aborted on Mars, and we would 
then be left with an essentially unverified 
theory. In the end, we may find nothing to 
support the theory — without identifying 
any contravening factors. While we don't an¬ 
ticipate this, such a conclusion would be 
valuable anyway: It would call into question 
the premises upon which we have based the 
theory of chemical evolution. 


Harold Klein is Scientist in Residence at 
Santa Clara University in California From 
1968 until his retirement from NASA in 
1984 r he was Director of Life Sciences at 
Ames Research Center. Dr. Klein was the 
Viking Biology Team Leader ; and now 
senes as chairman of the National Academy 
of Sciences Committee on Planetary Biology 
and Chemical Evolution. 15 






Chemica 


AT THEM 


ABOVE: The colors Of 
the streaming, swirling 
clouds of Jupiter 
provide scientists with 
evidence of the planet's 
chemistry. Lite-related 
molecules may be 
responsible for many of 
the pastel tints, 
image: JPUHASA 
INSET: A few 
speculative scientists 
have proposed that the 
icy surface of Europe , 
one of Jupiter's largest 
satellites, may cover 
a warm ocean of water 
Since iife on Earth has 
colonized even the 
deep ocean floor, they 
suggest that life within 
Europe might be 
possible. 

Painting Michael Carroll 
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M any space scientists think that the chemical 
conditions today on planets and moons of the 
outer solar system are similar to conditions on 
Earth soon after it formed. If so, we can learn much 
about the chemistry that fed to life on this planet. We 
can also speculate about exotic habitats that might 
have given rise to other types of life. And if we are able 
to discern the chemical reactions now occurring in the 
outer solar system, we may be able to extrapolate these 
ndes to other solar systems, and so define the habitable 
zones around other stars where the potential for life is high. 

■ m mhen we study the solar system beyond the aster- 
old belt, we are engaging in a kind of cosmic time 
» * travel. By examining the outer planets and their 
satellites today, we are investigating chemical conditions, 
as well as physical and chemical processes, that may 
have existed in the inner solar system during the earliest 
stages of its formation. We are thus given the opportunity 
to test, in a variety of natural laboratories, our ideas 
about the chemical evolution that must have preceded 
biological evolution on Earth. 

Unfortunately, none of these laboratories comes dose 
to duplicating the environment hypothesized for the 
primitive Earth. On the other hand, chemical systems 
that we find on these distant planets do resemble some 
thought to have played an important role on our planet . 
As we move across the asteroid belt from Mars to 
Jupiter, a remarkable change occurs in the composition 
of planetary atmospheres. An obvious manifestation is 
the difference in the dominant carbon compound in the 
atmospheres of the inner and outer planets. Mars, Earth 
and Venus all have atmospheres containing carbon diox¬ 


ide (CO.,). It is the dominant gas on Mars and Venus, and 
would be on Earth as well if our planet did not have its 
oceans of water and abundant life. But from Jupiter out¬ 
wards, the carbon in atmospheres is predominantly pre¬ 
sent as'methane (CH^). 

There are two reasons for this difference. Hydrogen is 
by far the most abundant gas in the atmospheres of 
Jupiter, Saturn, Uranus and Neptune. Thus in normal 
conditions, carbon will combine with hydrogen to form 
methane. But hydrogen is only a trace constituent in the 
atmospheres of Titan, Triton and Pluto, yet methane is 
still the dominant carbon compound. Here the explana¬ 
tion lies in the absence of available oxygen. The most 
abundant oxygen compound is water, and at the low tem¬ 
peratures far from the Sun, water is frozen out of the 
atmospheres of these small, distant bodies. Thus there is 
no chance for water vapor to be broken apart by solar 
ultraviolet light, providing the source of oxygen that 
could convert the methane to carbon dioxide. 

In contrast, the warmer inner planets all have water 
vapor in their atmospheres — even Mars and Venus 
which have no liquid water on their surfaces. The small 
masses of these bodies allow lightweight hydrogen to 
escape easily. The combination of available water vapor 
and rapid escape of hydrogen means that even if the 
inner planets began with hydrogen-rich atmospheres, 
they would inevitably become oxidized over geologic 
time, as indeed we find them today. 

JUPITER 

Let’s look at Jupiter. Even a small telescope shows us that 
this planet has some interesting chemistry. The clouds in 
Jupiter's atmosphere exhibit pastel shades of color which 
would not be present if these clouds were simply formed 












from crystals or droplets of abundant gases condensed 
out of the atmosphere. We do find some white condensa¬ 
tion clouds that are probably made of ammonia (NH S ) 
crystals — the jovian equivalent of the cirrus clouds 
drifting in our own blue skies. But the pale yellows, 
browns, blue-grays, ochres and salmon tints seen on 
Jupiter require a different explanation. 

Today we don't know the substances responsible for 
these colors. Sulfur compounds seem a likely source of the 
yellows and browns, but efforts to detect sulfur in any 
form spectroscopically have proved fruitless. The absence 
of hydrogen sulfide (H^S) seems to rule out photochemical 
reactions involving this molecule as a source of the colors. 
Phosphorus has been found in the form of phosphine 
(PH0 P and phosphorus compounds can also provide a 
variety of colors. John Lewis and Ronald Prinn have sug¬ 
gested dial red phosphorus (P*) might be responsible for 
the distinctive color of the Great Red Spot. lt f s possible 
that C-N-H compounds contribute some of the hues we 
see, as demonstrated in the laboratory by Cyril Ponnam- 
peruma and Fritz Woeller many years ago. 

This possibility is especially interesting since such 
compounds are a common product of laboratory experi¬ 
ments designed to simulate conditions on the primitive 
Earth (see page 10). Unfortunately, we've yet to find the 
spectral signatures of these compounds on .Jupiter, and 
so we cannot yet discriminate among these hypotheses. 

How do we move past the present impasse? The col¬ 
ors of Jupiter have been an important astronomical puz¬ 
zle for half a century, yet we still do not know what caus¬ 
es them. The Galileo spacecraft with its atmospheric 
probe should help. The orbiter carries a near-infrared 
spectrometer that can identify or rule out specific com¬ 
pounds. The Galileo probe will carry a mass spectrome¬ 


ter to detect trace constituents and a nephelometer to 
locate the various cloud layers. Together, these two 
instruments should greatly improve our knowledge of 
jovian cloud constituents. 

We already know something about the chemistry on 
Jupiter from Earth-based studies of the atmospheric 
gases and from the Voyager spacecraft. In addition to the 
constituents expected in a hydrogen-rich environment, 
we find unexpected gases such as acetylene (C 2 H 2 ) f 
ethane (QH G ) and hydrogen cyanide (HCN). These gases 
form through photochemical reactions in Jupiter's upper 
atmosphere and by lightning discharges within the cloud 
deck. 

Other energy sources available to drive jovian chem¬ 
istry are the descent of charged particles into the auro¬ 
ral zones, where unusual concentrations of trace con¬ 
stituents have been detected, and the release of primor¬ 
dial heat from the planet's interior. At depths where the 
temperature reaches about 1,200 degrees, for example, 
methane and water are converted to carbon monoxide 
(CO) and hydrogen. 

All of these energy sources were available on the prim¬ 
itive Earth. Jupiter is a poor terrestrial analog, however, 
because it has no solid surface and it has such an excess 
of hydrogen. So there will be a limit to the complexity of 
compounds produced, as there is no sheltered place 
where molecules can survive, concentrate and perhaps 
eventually grow into replicating systems. Instead, they 
will be part of a continuous cycle in which new species 
are created only to be converted back to methane, 
ammonia and water. It remains to be seen what complex¬ 
ity is achieved under these steady-state conditions. 

Before leaving Jupiter, we should pause to consider its 
curious satellite Europa* This small moon has a rernark- 


ABOVE: The subdued, 
butterscotch clouds 
of Saturn reflect a 
chemistry different 
from Jupiter's. 

Image: JPUNASA 

INSET: To those 
interested in organic 
chemistry, Saturn's 
moon Titan is one of 
the most exciting 
places in the solar 
system. Its atmosphere 
is composed mainly of 
nitrogen, as is Earth’s 
atmosphere, with a 
healthy portion of 
methane (CM 4 ), 
Ultraviolet light from 
the Sun could have 
transformed this 
substance into various 
organic molecules. 
Scientists are anxious 
to send a probe to Titan 
to see what has 
developed there. 
Painting: Ron Miller 
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ably smooth, icy surface that may cover a layer of liquid 
water, fens of kilometers deep. If it does, an intriguing 
possibility explored by Kay Reynolds, Steve Squyres and 
Chris McKay is that sunlight could filter through cracks 
in the ice T providing energy to drive chemical reactions 
in the water below the ice. Internal heat generated by the 
strong jovian tides acting on Europa's interior is another 
potential source of energy, (On neighboring lo, the tides 
of Jupiter drive the vigorous sulfur volcanos.) 

Taken to the extreme, a terrestrial analogy that leaps 
to mind is the manifestation of life around the deep sub¬ 
marine vents recently found scattered across our planet. 
There communities of strange life-forms thrive that are 
not dependent on the conversion of sunlight to chemical 
energy through photosynthesis. Instead, they derive 
their energy from bacteria that process hydrogen sulfide 
released from the vents. But these life-forms still have 
the same genetic system as other life on Earth — they 
did not evolve separately. And they make use of oxygen 
dissolved in seawater. These forms are not independent 
of the rest of life on Earth, and the question of whether 
life could actually originate in such environments — or 
under Europan oceans — remains open. 

Such considerations broaden our perspective, howev¬ 
er, as the authors point out. They force us to realize that 
In contemplating habitable zones around other stars, we 
need to enlarge our definition of what conditions make 
an environment habitable. 

SATURN, TITAN AND BEYOND 

Moving on to Saturn, we find a subdued version of 
Jupiter. Its lower temperature and lower gravity conspire 
to make a thicker layer of ammonia cirrus. White there is 
a yellow tint to these clouds, some differences in their 
absorption of ultraviolet, and some occasional colored 
spots, there is nothing like the swirling, surrealistic cloud 
patterns we find on Jupiter. Even on Uranus, twice as far 
from the Sun as Saturn, Voyager 2 revealed evidence of 
atmospheric photochemistry driven by solar ultraviolet 
light. Neptune's atmosphere will probably exhibit similar 
phenomena. But again we anticipate that the visual 
drama of Jupiter will be lacking. In the saturnian system, 
our interest is drawn instead to Titan. 

This satellite is only slightly smaller than Jupiter's 
Ganymede and is larger than the planet Mercury, What 
marks it out, however, is not its size but its atmosphere. 
Titan is surrounded by an atmosphere with a surface 
pressure 1.5 times the sea level pressure on Earth. This 
atmosphere is composed primarily of nitrogen, like ours, 
but the next most abundant constituent is methane, not 
oxygen. Ultraviolet light from the Sun t plus bombarding 
electrons from Saturn’s magnetosphere and cosmic rays 
from the galaxy, are constantly breaking these molecules 
apart. The fragments recombine to form a rich variety of 
new molecules including some polymers not yet identified. 

The evidence for polymers is again indirect, as for the 
colors in the clouds of Jupiter. For all its interest as a nat¬ 
ural chemical laboratory, Titan is disappointingly dull in 
the Voyager pictures, shrouded by a thick layer of 
brownish smog. Unlike Jupiter or Saturn, Titan has a 
solid surface on which these aerosol particles can collect 
as they fall out of the atmosphere. Indeed, the surface of 
this satellite may include lakes or oceans of ethane, as 
suggested independently by Mike Flasar and Jonathan 
Lunine, Yuk Yung and David Stevenson, 

Once again, we need a new mission to follow up 
Voyager to find out just what the chemistry of Titan is 
really producing. Such a mission is now being studied 
jointly by NASA and ESA (the European Space Agency), 
and is called Cassini after Jean Dominique Cassini, the 
first director of the Paris Observatory who made many 
discoveries in the saturnian system. This mission 
involves an orbiter, to be built by NASA, and a Titan 


probe, to be built by ESA. The probe will make measure¬ 
ments of surface materials, if it survives the landing. 
Since it will descend gently on a parachute, chances of 
survival seem good, whether the surface at impact is 
solid or liquid. 

Long before the Cassini mission readies its targets (it 
is not yet approved as a new start by either NASA or 
ESA), Voyager 2 will show us another unusual satellite 
that may have liquids on its surface. This is Neptune's 
Triton, to be encountered in August 1989, We already 
know Triton has an atmosphere that contains methane, 
and Dale Cruikshank has found an absorption in Triton's 
spectrum that could be caused by pools of liquid nitro¬ 
gen on its surface. If so, the atmosphere is clearly much 
more transparent than Titan's. Why the difference? What 
chemistry is occurring there? Voyager 2 will be able to 
provide only an introduction to these puzzles. 

COMETARY NUCLEI 

The nuclei of comets seem to be coated with carbon-rich 
material (if Halley's is at all representative) as do the satel¬ 
lites and rings of Uranus, the outermost asteroids, and 
Phoebe, the strange tittle moon orbiting Saturn back¬ 
wards. This is not all the same suite of compounds, how¬ 
ever, since the spectral reflectivities of these various 
objects differ. Nevertheless, we seem to be confronting 
organic matter in the outer solar system once again, this 
time produced without the benefit of an atmosphere. Did 
all this dark stuff form in the solar nebula before these 
objects accreted? Or was some of it processed later at low 
temperatures as a result of cosmic ray bombardment or 
ultraviolet irradiation? What are these compounds? 

The next big step in our continuing effort to answer 
these questions will be taken by a mission called CRAF, 
Comet Rendezvous-Asteroid Flyby. CRAF will make a 
close rendezvous with a comet nucleus and deploy a 
penetrator to make on site measurements of composi¬ 
tion and physical state. The spacecraft will carry a vari¬ 
ety of instruments including a gas chromatograph and a 
mass spectrometer to analyze the gases given off by the 
nucleus as it moves around its orbit. 

In our study of a comet nucleus we are pushing our 
time travel back to the origin of the solar system and pos¬ 
sibly beyond, since unmodified interstellar grains may be 
frozen in these comet ary ices. In the early solar system, 
cometary impacts with Earth were more frequent than 
they are today and they would have delivered a healthy 
helping of volatile elements (such as hydrogen, oxygen 
arid nitrogen) to Earth and the other inner planets. We 
could regard this as some celestial seasoning for the 
famous primordial soup. Whether there was more to it 
than this depends on what kinds of organic materials are 
really in the comets and which ones would survive impact 
with Earth. 

Contemplating chemical evolution in the outer solar 
system, we find ourselves in the state nicely described 
by St. Paul; We see through a glass darkly. The colors of 
Jupiter's clouds, the brownish smog of Titan, the black 
coatings on comets — it is as if there is a tarnish on the 
whiteness we expect to encounter in the icy realm 
beyond the asteroid belt. It is precisely this darkness 
that we want to investigate — what are the compounds 
that cause it and how are they related (if at all) to the ori¬ 
gin of life on Earth? If the missions planned for the next 
decade are actually launched and successful, we shall 
surely have more of the answers we seek. 


Tobias Owen is Professor of Astronomy at the State 
University of New York at Stony Brook He is the American 
chairman of the NASA-ESA Joint Science Study Team for 
the proposed Cassini mission. Dr Owen is also a member 
of the Voyager imaging Team and the Mass Spectrometer 
Team for the Galileo mission. 



NewscCReviews 

by Clark It Chapman 


ti the September 27th New York Times Book Review, 
Bob Coleman traces the history of science writing 
and finds its modern practice wanting. “Taken 
together, modern scientific writing, both the popular and 
the professional type, makes science look far more precise 
and reliable than it really is," Coleman writes. It is crucial, 
he continues, “to understand accurately scientific 
fallibility or infallibility, . . * A frank, humane discussion of 
errors, troubles and limitations was once considered 
essential to objective scientific writing. The revival of such 
discussion might make us ail more comfortable with the 
course and uses of science in the late 20th century." 

Certainly professional scientific journals have evolved 
to prohibit honest, complete accounts of research pro¬ 
jects. Papers by 19th century scientists often described 
in detail and in comprehensible language the pathways, 
including culs-de^sac, to their discoveries. But now page- 
charges and modern style require scientific articles to be 
written in precise, progressive, logical and terse form. 
Discussion of errors is permissible, even encouraged, if 
cast in statistical terms, but there is no place for ex¬ 
pressing philosophy, morality, doubts or anything about 
the human side of research, nor even for completely de¬ 
scribing the progress of an experiment. A journal article 
must present an important advance in assured, rigorous 
words, otherwise referees will recommend revision — if 
not rejection — or editors will require shortening to the 
bare essentials. 

Why should popular science articles portray a similarly 
fraudulent view of science? Some, of course, are by sci¬ 
entists who have learned to write. But even articles by 
professional writers who have learned some science often 
describe the logic and results, rather than the practice and 
human context, of modem science. 

Ross Taylor's competent article on the origin of the 
Moon (September/October American Scientist) is an 
example. A lunar scientist from Australia, Taylor writes (in 
words accessible to most Planetary Report readers) of 
today's facts about the Moon, and about the recent 
consensus that the Moon probably was formed by impact 
of a Mars-sized planet with Earth, Taylor carefully notes 
that not everyone agrees. But facts are facts to Taylor, and 
he expresses few doubts about lunar knowledge nor does 
he doubt that we are closer than ever before to a true 
understanding of the Moon's origin. 

Dabbling with Venus 

Where can a scientist publish personal accounts of his or 
her research? Well-constructed, readable articles may be 
accepted by Scientific American , Technology Review and 
American Scientist , but there are few venues for modern 
would-be followers of the 19th century style. Therefore, 
it was a delight to find David Allen's personal account of 
his expos Lire to the planet Venus at the Anglo-Australian 
Observatory where he works. 1 met Allen one night 
nearly 20 years ago when we were both observing on 
Mount Wilson; our paths have rarely crossed again, since 
he deals with planets so rarely. 

But in the October Sky & Telescope T Allen reports on 
his introduction to Venus. With none of the I-know-it- 
all hubris of most scientists, Allen admits his ignorance 
about Venus, and tells of his imperfect approach to 
studying the planet’s cloud structures from infrared 
maps of the nightside. David Allen is surprised, but 
pleased, that simple Earth-based telescopic observa¬ 
tions, which any astronomer could have made a decade 
earlier, can still outrun the planetary probes sent to our 
sister planet by the United States and the Soviet Union. It 
is refreshing that he can admit to his naivete as he aimed 
the telescope at Venus, And l am glad that Sky & 
Telescope has shed traditional stuffiness and given a 
place to this kind of writing. 


Mysteries of Pluto 

David Allen is not alone in exploiting the power of Earth- 
based telescopes. Tiny Pluto, near the solar system's 
edge, yields its secrets sparingly. In the last couple of 
years, however, it has tantalized us with a series of 
eclipses and other “mutual events" as its moon Charon 
crosses in front of Pluto, then passes behind, and so on. 
The critical geometry for these events occurs only every 
124 years, fortunately they are happening now, a decade 
after Charon's discovery, rather than a few years before, 
when the instruments to obtain the data existed, but 
nobody would have known to look. 

The power of Earth-based astronomy, supplemented by 
a few critical measurements by the Infrared Astronomical 
Satellite, is enabling us to learn much about Pluto. The 
September 11th Science has two dry, technical articles on 
Pluto, comprehensible only to specialists. Fortunately, 
they are lucidly summarized in a one-pager by Jonathan 
Eberhart in the September 26th Science News. 

All three articles fail, however, to provide a realistic 
picture of the uncertainties and rivalries among the 
various research groups attempting to exploit this 
unique plutonian geometry. Although a first-person 
article may not appear until after 1990, when the mutual 
events are over, Kelly Beatty does a superb reportorial 
job in the September Sky & Telescope, He lays out all the 
mysteries about Pluto and Charon, what they are made 
of, how they differ, whether they have atmospheres and 
so on. And he goes beyond the pure science to hint at 
battles among the researchers: unseemly, perhaps, for 
objective scientists, but a real motivator for many 
discoveries. Beatty may have crossed a few lines himself, 
in reporting results not yet released in the professional 
journals. But overall it is a very good account of what's 
really happening in Pluto's corner these days. 

Cometary Catastrophes 

A few scientists do take an introspective view of their 
science in its historical and social context, notably Stephen 
Jay Gould, columnist for Natural History, In his September 
piece, he reconsiders William Whiston, a 17th century 
philosopher who viewed Earth s history in terms of impacts 
(or near-misses) by comets. Without overstating 
Whist on's prefigurement of the Alvarez cometaiy theory for 
extinctions, Gould reminds us of the cultural context for 
scientists’ evolving views about the relative roles of 
stability, gradual change and catastrophe in shaping our 
planet and its biosphere. 

The evolutionist Gould, who rejects the idea that human 
beings are the pinnacle of biological evolution, sees science 
as an evolutionary process, he is wary of judgements that 
old, rejected views are necessarily wrong, or that modern 
science is an objective accumulation of truth. While in 
American Scientist Ross Taylor dryly reports a new view of 
lunar origin that would have seemed crackpot a few years 
ago, it takes the rare genius of writer-scientist Gould to 
teach us how to question scientific ■’truth". 


Clark R. Chapman is preparing to celebrate the tenth 
anniversary of the last planetary launch by the United 
States — Pioneer Venus, August 8, 1978 , 





Finding and Studying Other Planetary 


L ife as we know it is a planetary phenomenon — the conditions necessary 
for chemical and biological evolution have so far been found only on a 
solid body (with abundant liquid water). But we do not yet hare unequivo¬ 
cal evidence for planets around other stars. Current theories of star formation sug¬ 
gest that planetary systems should be the rule rather than the exception. And since 
life-related molecules are widespread throughout the universe, we might expec t that 
some other planets have the conditions necessary for life . The detection of other 
planetary systems is a prime objective of the comprehensive study of fife . 


flf iving systems, even in their simplest 
J forms, are a marvelous manifestation 
chemical and biological evolution. 
On Earth, nature used chemical evolution 
to take the basic elemental building blocks 
of living systems — elements whose ori¬ 
gins can be traced to the infernos deep 
within ail stars — and brought them 
together to form living things. 

Chemical evolution goes on in the 
dark, cold clouds that fill much of inter¬ 
stellar space and serve as the birthplaces 
of stars. Equally complex chemical evolu¬ 
tion no doubt occured in the earliest 
stages of our solar system s formation. 
However, the existence of living systems 
depends critically on an environment 
with the conditions necessary for these 
systems to evolve. Such conditions are 
found principally, if not solely, on solid 
bodies such as planets and their satel¬ 
lites. Searches for extraterrestrial life in 
our solar system are focusing on Mars 
and the outer planets and their satellites. 

Current efforts to detect life beyond 
our solar system concentrate on finding 
intelligent, communicating life-forms (see 
page 23). In this broader perspective of 
life in the universe, planets play a special 


role. AH estimates of life's abundance in 
the galaxy start with a guess as to the 
abundance of other planetary systems. 

Our current theoretical understanding 
of solar system formation suggests that it 
is a relatively common occurrence in the 
galaxy. However, we now have no un¬ 
equivocal observational evidence for 
another planetary system. This is presum¬ 
ably because we don't have the appropri¬ 
ate observational facilities, and does not 
necessarily reflect a reluctance on Na¬ 
ture's part to produce analogs to our 
solar system. 

Over the past decade, several studies 
have outlined methods for detecting and 
ultimately characterizing planetary sys¬ 
tems around most — if not all — stars 
within a few tens of light years. Many of 
these methods were described in the 
September/October 1984 issue of The 
Planetary Report , so 1 will only highlight 
them here. 

Detecting Planets 

We naturally would like to take a picture 
of another planetary system. Usually we 
see astronomical images in visible light, 
as most spectacular photographs of our 


neighboring planets have been taken. 
Detecting other planetary systems by 
direct visual observation is a difficult 
task. It s difficult because even a very 
bright planet like Jupiter is nearly a bil¬ 
lion times dimmer than the star it orbits. 
To directly detect a planet requires 
astronomers to both suppress light from 
the bright star without also suppressing 
any faint light from planets that might 
revolve about it and to avoid creating 
false signals from scattered light within a 
telescope. The situation is much better in 
the infrared part of the spectrum, where 
the contrast between planet and star is 
more like ten thousand to one. 

If we do directly detect planets about 
other stars, what can we hope to learn? 
After enough observation (ranging from 
months to years, depending on the system 
under study) direct observation would 
teach us about the planets' orbits. Perhaps 
the greatest potential scientific return 
would come from spectral information 
about the planets' atmospheres. Such 
information would he particularly useful 
to searches for life. But any images taken 
with systems now under study would 
show only a faint, unresolved point of 
light. With the first generation of space- 
based direct detection systems, we could 
not see any planetary surface features. 

To detect another planetary system 
indirectly, we would look for periodic 
variations in the properties of a star that 
can be attributed to planets revolving 
about it. The two most widely considered 
techniques are spectroscopy (the precise 
measurement of star colors — wave¬ 
lengths of light) and astrometry (the pre¬ 
cise measurement of the apparent posi¬ 
tions and motions of stars). Spec¬ 
troscopy is particularly well-suited to 
detecting planets dose to their parent 
star, and astrometry is better for finding 
planets farther away from their star. 

An appealing aspect of spectroscopic 
searches is that we can do much with 
Earth-based facilities. Newly developed 
instruments at the University of Arizona 
and at the Dominion Observatory in 
British Columbia permit spectroscopic 
observations of several nearby stars with 
enough accuracy to detect Jupiter-sized 
companions to those stars, indeed, very 
intriguing preliminary results from these 
programs have already been published. 

Although these indirect techniques do 
not provide us with images, they are 
actually richer in scientific content than 
the first generation of direct detection 
techniques. Indirect techniques can char¬ 
acterize in detail both the orbits and the 
masses of planets found in other systems. 
These properties are important for test¬ 
ing models of the solar system's origin. 



The Astrometric Telescope Facility, to be mounted 
on NASA s proposed space station t would be able 
to detect Uranus-sized planets orbiting my star 
within 33 tight years of the Sm If current theories 
of planet formation am carracl, should be 
enough planets out them to keep me telescope 
very busy Pa inlimJPLWSA 
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Scientists believe that planets form natu¬ 
rally as swirling clouds of dust and gas 
condense into stars (above). Stars are 
being born throughout the universe in 
"stellar nurseries" such as the great 
nebula of Orion (right). These clouds of 
hydrogen, helium and heavier elements 
are the raw materials from which gravita¬ 
tional forces create new stars. 

Painting: Hayden Planetarium; Photo: National 



Prospects for Detection 

As we look to the near-term future of 
planetary detection (where "near-term” 
means the next 10 to 20 years) the 
prospects look promising. The first major 
instrument designed primarily for detect¬ 
ing other planetary systems is the space- 
based Astrometric Telescope Facility 
(ATF), now being studied by a team of 
researchers from NASA's Ames Research 
Center, the University of Arizona and the 
Allegheny Observatory at the University 
of Pittsburgh. The ATF should be able to 
detect relatively small planets (about the 
size of Uranus) around any star within 30 
light years of the Sun. This system will 
work in concert with precise Earth-based 
spectroscopic and astrometric systems 
that will begin operating within the next 
five years. 

Prospects for direct detection are also 
exciting, but less certain because of the 
difficult technical problems in controlling 
stray light in telescopes. Studies at the 
Jet Propulsion Laboratory are promising, 
and may lead to an optical telescope that 
could detect large planets about some of 
the nearest stars to the Sun, One of the 
key facilities in NASA's planned Great 
Observatories program, the Space 
Infrared Telescope Facility (SIRTF), may 
directly detect Jupiter-like companions to 
nearby stars. 

Extraterrestrial Life 

The rationale for finding and characteriz¬ 


ing other planetary systems is that the 
results would be: 1) essential to under¬ 
standing the origin of our solar system* 2) 
extremely valuable to modeling star for¬ 
mation, and 3) able to provide con¬ 
straints on searches for life elsewhere in 
the universe. Items 1 and 2 typically 
receive more attention than does 3, but 
here we will focus on how a planetary 
detection program might influence 
searches for extraterrestrial intelligence 
(SETT), 

The most direct influence would be to 
affirm (or deny) the basic assumption of 
most SETI activities: that planetary sys¬ 
tems are numerous. Failure to detect 
planets around the nearest few hundred 
stars would not imply that there are no 
planetary systems elsewhere in the 
galaxy, but it would cast doubt on that 
assumption. Detection of planets around 
many nearby stars would affirm the 
assumption. Either outcome would pro¬ 
foundly affect SETI strategies. In particu¬ 
lar, if planets are discovered about near¬ 
by stars, we would expect SETI efforts to 
focus on them. 

Aside from developing a catalog of 
planetary systems, a comprehensive 
detection program would teach us about 
the properties of other systems. An 
important characteristic would be the 
orbital architecture of those systems, 
that is, the orbital periods (time to make 
a complete orbit) and eccentricities (an 
orbit's departure from a circle). These 


orbital parameters would give us clues to 
the thermal environments of the planets. 
For example, are the thermal conditions 
conducive to the formation and evolution 
of life? Indirect detection techniques, 
such as astrometry* also provide esti¬ 
mates of planetary masses, and mass is a 
very important parameter in determining 
the composition and structure of planets. 

One of the more exciting outcomes of 
these searches is that we may be able to 
determine, through spectroscopic obser¬ 
vations, the relative abundances of key 
constituents in planetary atmospheres. If 
we can* we will gain valuable insight into 
the likelihood that living systems evolved 
on those planets. Spectroscopic studies 
might even provide direct evidence of liv¬ 
ing systems; the relative abundances of 
nitrogen* oxygen and methane in Earth's 
atmosphere are a sure sign of life. 

An intimate* perhaps causal relation¬ 
ship exists between the search for life 
and the search for other planetary sys¬ 
tems. And the search for life is one of the 
most significant challenges yet undertak¬ 
en by humanity. 


David Block is Chief Scientist for Space Re¬ 
search at AASAs Ames Research Center in 
Califorma . He has just returned to Ames 
after two years in Washington , DC as 
NASA 's Chief Scientist for the Space Station. 
Dr Stack was the guest technical editor for 
the September/October 1984 Planetary 
Report devoted to extrasolar planets. 
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SOCIETY 


NEW MILLENNIUM COMMITTEE 
SCHOLARS ANNOUNCED 


The Planetary Society has an¬ 
nounced its 1987 New Millenni¬ 
um Committee scholarship win¬ 
ners: Lisa Boehmer of Los 
Angeles, California and Elan 
Grossman of Staten Island, New 
York. Each student received an 
award of $2,500, Ms. Boehmer, 
a graduate of Marlborough 
School, attends Harvard-Rad- 
cliffe University; Mr. Grossman, 
in his first year at Wesleyan 
University, is a graduate of Port 
Richmond High School. 

The topic of this year’s contest 
essay was: If you were asked to 
organize a scientific program to 
search for extraterrestrial life, 
how would you plan and conduct 
that search? Ms. Boehmer wrote: 

*1 would propose to have at 
least two radio telescopes syn¬ 
chronously searching the Milky 
Way 24 hours a day. If a ‘sighting’ 
were reported, one observatory 
could confirm the others find¬ 
ings. Data from these telescopes 
would be recorded so that a 
sighting could be reconfirmed 
by the further analysis of anoth¬ 
er group. This analysis group 
would then attempt to decode 
the message, while alerting a 
committee that . . . would de¬ 
velop a policy of action.” 

"This systematic approach 
would lead to an organized search 
for extraterrestrial intelligence, 
and be able to deal with this inteL 
ligence in an intelligent way." 

Elan Grossman envisioned a 
radio telescope in space: 

“The basic problem encoun¬ 
tered in designing a radio tele¬ 
scope is to construct one as large 
as possible, but at the same time 
maintain that parabolic shape to 
within a certain fraction of the 
wavelength that it is designed to 
detect. A single parabolic dish 
could be built on the order of five 
kilometers across, heightening its 
sensitivity far beyond anything 
presently existing on Earth. The 
structure could be light, com¬ 
posed of a geodesic frame cost¬ 
ing only about one-tenth to one- 
twentieth of the cost of an equiv¬ 
alent installation on Earth/’ 

New Millennium Committee 


scholarships are available each 
year to high school seniors who 
are members of the Society or 
are nominees of members. The 
1988 scholarship competition 
will be announced in the janu¬ 
ary/February 1988 issue of The 
Planetary Report, 

We would like to thank So¬ 
ciety Advisor Philip Morrison for 
reviewing the finalists' applica¬ 
tions. Dr. Morrison is Institute 
Professor at the Massachusetts 
Institute of Technology and one 
of the founders of the modern 
search for extraterrestrial life. 


MEMBERS FUND MARS 
BALLOON STUDY 


Part of our members’ contribu¬ 
tions to the Mars Fund is financ¬ 
ing a study of using balloons to 
explore Mars. (See the May/June 
1987 Planetary Report) Bruce 
Murray, Society Vice President, 
is leading the cooperative effort 
among The Planetary Society, 
the NASA Jet Propulsion Labor¬ 
atory and the California Insti¬ 
tute of Technology, working with 
the Centre National d’Etudes 
Spatiales to design and test a 
payload system for the balloon. 

The study team includes lead¬ 
ing US planetary scientists, along 
with several balloonists and aero* 
space engineers. The Society 
has awarded Ball Aerospace a 
contract to design a television 
camera to ride on the Mars bal¬ 
loon, and JPL, with NASA sup¬ 
port, has a contract with Titan 
Systems, inc. 

At the Case for Mars 111 confer¬ 
ence last July, members of the 
study team flew a demonstration 
balloon for an interested crowd. 
During the International Astro 
nautical Federation (1AF) annual 
meeting in Brighton, England in 
October, team members report¬ 
ed on their analysis and test 
results to NASA, CNES (the 
French space agency) and Inter- 
cosmos (the Soviet-led space 
consortium). 


A CHALLENGE TO MEMBERS 


Society member Richard W, Car¬ 
ney of Chicago has challenged 
all Society members to help in¬ 


crease our membership: “If each 
current member would either 
solicit a new member or give a 
gift membership, the Society 
would easily double overnight, 
thus providing both funds and 
cloud" 

Mr. Gorney sent in two soli¬ 
cited memberships and gave 
memberships to US President 
Ronald Reagan and USSR Gen¬ 
eral Secretary Mikhail Gorba¬ 
chev to commemorate the sign¬ 
ing of the US/USSR space agree¬ 
ment of April 15, 1987, He also 
challenges the Society’s Boards 
of Directors and Advisors to talk 
and write about the Society so 
our important goals will become 
widely known. 


MARS INSTITUTE STUDENT 
CONTEST ANNOUNCED 


The Planetary Society’s Mars 
Institute has announced its 1988 
student contest. This year’s 
topic will be: Consider the 
search for evidence of life (past 
or present) on Mars, including 
why life may have existed or 
does exist, where the evidence 
might be found, and how human 
explorers or robots could find 
that evidence. Entrants will be 
asked to submit an essay detail¬ 
ing their proposal, which will 
then be judged by a distin¬ 
guished panel of planetary sci¬ 
entists and engineers. All high 
school and college students are 
eligible for the prize of $1,000. 

If you would like more infor¬ 
mation on the contest, please 
write: Mars Student Contest, The 
Planetary Society, 65 N. Catalina 
Avenue, Pasadena, CA 91106, 


PLANETARY ARTWORK DONATED 
TO SOCIETY 


From August 31 to September 
19, The Planetary Society held a 
workshop for educators in Mex¬ 
ico City, We’ll report in detail on 
this extremely successful pro¬ 
gram in a later issue of The 
Planetary f Report, but we’d like to 
share now a gift to our members 
from a workshop participant. 
Inspired by what she had 
learned, architect Socorro Vel¬ 


asco created a lighted glass 
sculpture of Jupiter’s magneto¬ 
sphere. She has now presented 
this beautiful work toThe Plan¬ 
etary Society, along with this 
letter: 

“It is my honor to contribute 
this grain of sand to that Society 
whose noble object is to dis¬ 
perse scientific knowledge to the 
people. The unity of human ef¬ 
forts among all the countries of 
the world is one of the greatest 
hopes to preserve humanity on 
this planet Earth, 

“I consider this work to have 
a particular symbolism since it 
has been used to demonstrate in 
this planetary science course 
that science and art must go 
together. On the other hand, it is 
to show how grateful 1 am to all 
of you for the efforts you’ve 
made to disperse knowledge of 
space to the Mexican people/’ 


AWARDS GIVEN AT HAWA 
CONFERENCE 


The Planetary Society gave sev¬ 
eral awards to outstanding indi¬ 
viduals and organizations dur¬ 
ing the Hawaii conference last 
August: 

The Challenger Center was 
given a grant to help establish 
educational programs. Dr. Kath¬ 
ryn Sullivan, NASA astronaut 
and member of the Board of 
Directors of the center, was on 
hand to help present the award, 
ft was given in memory of Chal¬ 
lenger astronaut Ellison Onizuka, 
who was a resident of Kailua- 
Kona, site of the conference. Ac¬ 
cepting the award were Cynthia 
Onizuka for the family, and Ar¬ 
thur KJmura, Hawaii’s Teacher- 
In^pace. 

Senator Spark Matsunaga (D- 
Hl) was given an award at the 
University of Hawaii by Society 
President Carl Sagan, for leader¬ 
ship in the US Congress advanc¬ 
ing international cooperation 
and the goal of human flight to 
Mars. Senator Matsunaga has 
initiated legislation that led to 
renewal of the space coopera¬ 
tion agreement between the US 
and the USSR and to the estab¬ 
lishment of the International 
Space Year. 
















The Windows ofSETI— 

Frequency and Time in the 
Search for Extraterrestrial Intelligence 

by Bernard M. Oliver 


O n Earth intelligent life evolved as a natural consequence of the events set 
in motion when the planet formed over 4 billion years ago. Since chemical 
evolution and solar-system formation appear to he occurring throughout 
the universe, we theorize that our universe may he rich with planets populated by 
intelligent beings wholike us, can search for evidence of other technological 
civilizations. Terrestrial civilization now has this capability, Bui if we do not 
begin the search soon, well lose the opportunity to do it from Earth as interfering 
signals of Earthly origin rapidly close the microwave window. 


S ome 5 billion years ago, as the 
Sun condensed from a dirty cloud 
of hydrogen and helium, it left 
behind about one seventhundredth of its 
mass in the form of orbiting planets. We 
believe most Sun-like stars do the same. 
The remarkable thing is not that planets 
form, but that so little of the original mass 
is involved. On Earth, life began almost as 
soon as the planet was cool enough to 
form seas, ff this is typical, there may be 
as many as 10 billion Earth-like planets in 
our Milky Way galaxy alone. Today we 
contemplate a universe teeming with life, 
some of which may be intelligent. But will 
we be able to find other civilizations? 
Three windows significantly reduce the 
cost of the Search for Extraterrestrial 
Intelligence (SETl). We are letting one of 
them slip by. 

It's nice to have scientists come to be¬ 
lieve what science fiction fans have 
known at! along, but the latter group is 
going to have to change its thinking too. 
We are not going to make contact with 
extraterrestrials by physical interstellar 
travel. Nor are they going to hop in their 
spacecraft and visit us. Not this year. Not 
this century. Not ever. Interstellar travel 
is not physically impossible but, unless 
some unimaginable breakthrough occurs, 
it is economically impossible on the time 
scale of a human lifetime. (See Figure I, 
next page.) Very few voyages are worth 
thousands of years of a planet's energy con¬ 
sumption. So much for the so-called Fermi 
Paradox: Where are they? Their appropri¬ 
ations committees, like ours, reject pro- 
posals requiring thousands of years or 
their planet's entire energy budget. 

Are we then doomed to isolation, 
never to know the fantastic variety of 
intelligent life-forms and societies the 
galaxy has engendered? Here the answer 
is no. Communication with extraterrestri¬ 
als would enrich our lives fully as much 


as travel to their exotic worlds. After all, 
only a few dedicated astronauts would 
sacrifice their lives to the journey. Most 
would have to depend upon communica¬ 
tion anyway. 

To communicate we must send some 
form of energy or matter across space. If 
we assay all known alternatives — gravity 
waves, neutrinos, charged particles, pho 
tons and so on — we rapidly conclude 
that photons (electromagnetic waves) are 
best. Gravity waves have yet to be detect¬ 
ed from events on a cosmic scale. Neutri¬ 
nos could easily pass through a light year 
of lead and are therefore fantastically diffi¬ 
cult to intercept. Charged particles are 
deflected by magnetic fields and are 
absorbed by matter in space. Photons 
have mass only in flight at the speed of 
light. Any particles having mass at lower 
speeds or at rest require much more ener¬ 
gy per particle. The kinetic energy of an 
electron traveling at half the speed of light 
is millions of times greater than the total 
energy of a microwave photon. The trans¬ 
mitter must supply this energy. 

The Frequency Window 

Electromagnetic waves are the common 
waves of radio. TV, heat, light and X-rays. 
They cover a wavelength from thousands 
of meters to billionths of a meter. Micro- 
waves. used in radar and satellite com¬ 
munication, range from about 30 
centimeters to a few millimeters and so 
are not the shortest electromagnetic 
waves; they are merely the shortest we 
could use for radar during World War I!. 
The name is historical. 

Not all electromagnetic waves are 
equally suitable for interstellar communi¬ 
cation. Of particular interest to SETl is 
the region from about 1.000 megahertz to 
60,000 megahertz, or from wavelengths of 
30 centimeters down to about 1/2 cen¬ 
timeter, known as the free-space micro- 
wave window (see Figure 2). 


At the lower frequencies (longer wave¬ 
lengths) the background noise increases 
with decreasing frequency. This is the 
radiation caused by electrons being whip¬ 
ped around in the galactic magnetic field. 

It is the radio noise first observed in 1932 
by Karl Jansky and which led to the 
whole science of radio astronomy. 

At higher frequencies (shorter wave¬ 
lengths) the other noises drop away and 
we are left with noise due to the granular¬ 
ity of the radiation itself. Electromagnetic 
radiation is emitted and absorbed in dis¬ 
crete quanta, called photons. The energy 
per photon is proportional to frequency 
— so with increasing frequency a given 
amount of energy is received in fewer, 
larger lumps. As the fine mist of arriving 
light particles turns into larger and larger 
hailstones, the background noise increas¬ 
es with frequency. 

In between these two walls is a silent 
valley where the only important noise is 
that due to the cosmic background. This 
is the relict radiation of the Big Bang, 
greatly cooled and dropped in frequency 
by the expansion of the universe. Sen¬ 
sitive radio receivers can still pick up this 
echo from the cataclysmic event that en¬ 
gendered our universe. The limit on our 
radio sensitivity in the microwave win¬ 
dow is set by the (much attenuated) 
glare of creation. 

It is important to note that the Three 
noise sources that define the microwave 
window appear much the same to radio¬ 
engineers anywhere In the galaxy. The 
galactic radiation is probably greater 
near the galactic center than near the 
rim, but the microwave window remains. 

On Earth the absorption by atmo¬ 
spheric oxygen and water vapor renders 
the top half of the free space window 
nearly opaque. However, for many rea¬ 
sons the long-wavelength end of the win¬ 
dow is preferred. Antenna collecting area 
is cheaper since the surfaces, which must 
be accurate to a fraction of a wavelength, 
need not be so precise. Transmitter power 
per device can be greater. Receiver noise 
is lower. Frequency shifts and drifts, due 
to relative motion of the transmitter and 
receiver, are proportional to the frequen¬ 
cy used, and so are less at the low end of 
the window. Thus the signals we are 
searching for seem likely to be in the 
lower half of the window, and this is the 23 


Figure 1: Nature’s Price for Interstellar Travel 

Although there is no air resistance in space and, once set in motion, a vehicle will 
continue in motion indefinitely, we still have to provide kinetic energy to the 
vehicle to get it moving in the First place. For velocities up to about one-fifth the 
speed of tight, the kinetic energy is approximately one-half the mass of the vehi¬ 
cle times the square of its velocity. 

To get a two-ton car up to 60 miles per hour requires one-fifth of a kilowatt 
hour — enough to light a 100-watt lamp for two hours. This is already a signifi¬ 
cant amount of energy — about equal to that needed to propel the car for half a 
mile — and is dissipated as heat in the brakes when we stop. This wasted energy 
is whai reduces gas mileage in stop-and-go traffic. But now make the mass 3.600 
tons (the smallest interstellar craft we can imagine) and make the speed 134 mil¬ 
lion miles per hour (one-fifth the speed of light) and the stored energy becomes: 


3,600 


x ( 13 W000 ) 2 = 9 quadrillion 



times as great, or ! ,8 quadrillion kilowatt hours. This is the amount of energy the 
world consumes in 20 years. 

But our vehicle must not only start, it must slop at our destination, start back and stop when it arrives back at Earth, So far as the 
rocketship is concerned, stops are the same as starts, and the total energy is therefore four times as great. In addition, each start must 
accelerate the fuel needed for later starts. This adds another factor of four, bringing our total to 320 years of world eneigy consumption 
to visit a star four light years away, and leturn in a human working lifetime. 

The curves of Figure I take into account relativistic corrections to the simple theory above. — B.M.O, 
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FIGURE 2: Between the emission 
tines of hydrogen and the hy¬ 
droxy! radical lies the "water 
hole," the quiet window where 
interstellar communication may 
he taking place . 

FIGURE 3: The cost of SET! hard¬ 
ware has dropped dramatically 
Now the costs of conducting the 
search are rising because of 
increasing interference. These 
are the years for the search. 

BACKGROUND ; The nearby 
galaxy of Andromeda is often 
catted the sister' to our Milky 
Way From intergalactic space, 
our galaxy would appear like this 
— a possible home for many 
diverse civilizations. 
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part that should be searched first. The ter¬ 
restrial microwave window extends from 
about LOGO to 10 T 000 megahertz. 

The Water Hole 

By pursuing the principle of reducing the 
energy required for contact, we have 
abandoned travel in favor of communica¬ 
tion, chosen a particular form of radia¬ 
tion, and identified a best region of the 
spectrum. Of course we will use the larg¬ 
est antennas we cam Yet we still have to 
search thousands of megahertz of spec¬ 
trum looking for artifact signals that may 
be only a hertz or less in intrinsic band¬ 
width, Is there anything further we can 
do to narrow the region of the spectrum 
we must search? 

In 1959, Giuseppe Cocconi and Philip 
Morrison, having followed much the 
same path of reasoning we have outlined, 
suggested we search near the frequency 
emitted by neutral hydrogen in space. At 
the time this was the only known spectral 
feature in the microwave window. The 
aliens, knowing our astronomers would 
be actively observing at this frequency, 
would naturally choose it for their trans¬ 
missions. Since then the hydroxyl lines 
and dozens of other spectral lines have 
been found, so the hydrogen line has lost 
its uniqueness. 

Cyclops, the 1971 NASA/Ames Sum¬ 
mer Study Faculty Fellowship program, 
studied the design of a SET! system. 
During this study, Charles Seeger pointed 
out that the hydrogen and hydroxyl lines 
bounded a band in which there were no 
other known lines. Since spectral lines 
themselves are noisy, it would be better 
to search in this quiet band between the 
two lines than to search the lines them¬ 
selves. The Cyclops team found this sug¬ 
gestion appealing; 

"Nature has provided us with a rather 
narrow band, in this best part of the 
spectrum, that seems especially marked 
for interstellar contact. It lies between 
the spectral lines of hydrogen (142G 
megahertz) and the hydroxyl radical 
(1662 megahertz). Standing like the Om 
and the Um on either side of a gate, these 
two emissions of the disassociation pro¬ 
ducts of water beckon all water-based life 
to search for its kind at the age-old meet¬ 
ing place of all species: the water hole," 

This is SETFs second window, or per¬ 
haps it is only a brighter pane in the larg¬ 
er microwave window. In either case, it 
appears that a little poetry applied to 
physical phenomena may reduce our 
search space by 30 times. Of course, we 
mustn't Ignore the spectrum outside the 
water hole; they may not have our sense 
of the poetic! But at least our search can 
start there. 

The Time Window 

SETl has a third window, one that few 
people appreciate. This is a window in 
time that includes the next dozen years. 
It reflects a combination of two factors: 
our recently acquired ability to compress 
enormous amounts of signal processing 


equipment into a reasonable size and a 
reasonable cost on the one hand, and the 
threatened loss of the microwave win¬ 
dow to Earth-based services on the other. 
If we are to do SETl cheaply, we must 
begin now. 

Until radio astronomy flowered in the 
wake of World War 11, and until high-pow¬ 
ered transmitters had been developed for 
radar and other microwave uses, we did 
not have the capability to signal across 
the vast distances to the stars. Think of 
it, For all of human history no signal we 
could generate, no flash we could pro¬ 
duce, could be detected at even the near¬ 
est stars. Then In the middle of this cen¬ 
tury the war-born microwave technology 
rolled back the curtains to reveal our 
window on interstellar communication. 
For the first time in all human history we 
could realistically dream of contacting 
life around other stars. Had we stumbled, 
with fantastic luck, across an extraterres¬ 
trial signal as early as the late 1950s or 
early 1960s, we could have begun com¬ 
munication then and SETl would not still 
be seeking adequate support, 

But it soon became apparent that we 
were going to have to search some 10 bil¬ 
lion channels in the microwave window 
for steady signals or pulses that might 
arrive from millions of distinguishable 
directions, signals that might drift slowly 
in frequency because of accelerations 
along the line of sight either of the source 
or of Earth — acceleration that is the nat¬ 
ural result of planetary rotation. Such 
tiny signals, such an enormous haystack! 
The search is beyond human capabilities; 
oniy a special purpose computer is up to 
the task. Only a computer can search 
untiringly after months or years of nega¬ 
tive results. So SETl had to wait out the 
micro-electronics revolution, had to wait 
until we could put whole computers on a 
single chip and put thousands of such 
chips on duty in our search army. 

In 1960 an adequate signal processing 
system would have cost well over $2 bil¬ 
lion. In Cyclops' day the cheapest solu¬ 
tion was analog processing using photo¬ 
graphic film at a capital cost estimated at 
$200 million. Today the entire hardware 
cost is estimated at $15 to $20 million. 
Well, this is great! All we have to do is 
delay SETl until the equipment cost stabi¬ 
lizes, some 10 or 20 years from now. The 
problem with that solution is that our 
precious microwave window won t be 
there anymore! 

While we Ve been learning how to 
search it, the window is becoming occu¬ 
pied by other services that emit a wide 
variety of signals. TV, communications 
and reconnaissance satellites, radar for 
aircraft protection, military radar, over- 
the-horizon links, weather balloons — 
these are only a few of the horde of ser¬ 
vices that are eating away at the micro- 
wave window. The Global Positioning and 
Geostar navigational satellites are right 
smack in the middle of the water hole. 
The radio frequency interference (PR) 
generated by these services is in general 


thousands to millions of times stronger 
than the ET1 signals we are looking for. 
The latter have crossed tens of trillions of 
miles, the former only thousands. 

Many portions of the window are al¬ 
ready lost to us. Others can be searched 
only at certain times or from certain loca¬ 
tions. The growing radio interference 
problem is decreasing the completeness 
and extending the time required for the 
search. Not only do portions of the spec¬ 
trum have to be searched repeatedly 
before they are found free of Interference, 
some will never be free. Moreover, an 
elaborate series of tests must be applied 
to all candidate signals to make sure they 
are not local interference. 

Thus while the cost of the equipment 
has been dropping, and will continue to 
drop, the cost of doing the search itself 
will increase, (See Figure 3.) Soon the 
equipment cost will be negligible com¬ 
pared with the cost of the search. 
Already the equipment cost is only about 
one-quarter to one-third of the total bud¬ 
get of the proposed NASA SETl program. 
Incidentally, the proposed program 
would increase NASA's annual budget at 
most in the third decimal place. From 
now on, without doubt, the total cost of 
doing SETl will Increase. 

The proposed NASA SETl program will 
use existing radio astronomy antennas. 
The program essentially proposes to test 
the hypothesis that these are up to the 
task. If the program succeeds we will have 
succeeded the cheap way. But we will only 
succeed if other civilizations are radiating 
signals that, by our standards, are very 
high powered or else are beaming signals 
in our direction. Thus, failure to detect a 
signal would not mean that extraterrestrial 
intelligence does not exist, it would merely 
prove that we need greater antenna col¬ 
lecting area to detect less powerful signals 
— the kind we ourselves radiate, 

A large collecting area Is easy to a- 
chleve with an expandable phased array 
of antennas. If we were to build antennas 
at a rate of, say, 10 per year, the annual 
cost would be less than one shuttle 
launch. The search could go on as the 
array was built and building could stop as 
soon as the first signal was detected. 
Thus, the array would never be larger 
than necessary. 

It would be very sensible to begin con¬ 
structing such a dedicated SETl facility 
now. In 10 years we would have 100 times 
our present sensitivity. This would great¬ 
ly increase our chance of success before 
the microwave window is dosed by the 
interfering signals of Earthly origin. Can 
we afford to risk our chances of contact 
by acting too late? 


Bernard Oliver is Chief of the NASA SET1 
Program , a joint effort between the NASA 
Ames Research Center and the Jet Propul¬ 
sion Laboratory. He was Vice President for 
Research and Development at Hewlett Pack¬ 
ard Corporation for over 25 years, retiring in 
1983. In 1986, Dr Oliver received the 
National Medal of Science. 
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Making an Earth of Mars 


by Christopher P. McKay 


As we understand more about Ufe on Earth and about the chemical 
f\ and biological potential of Other planets and objects in our solar 
A A system, it's not too much of a leap to consider creating a habit¬ 
able environment on another planet. Scientists have begun to ponder the 
possibility of transforming Mans the most Earth! ike of the nearby plan¬ 
ets. Various scenarios have been proposed, and in many ways these 
scenarios duplicate the processes that transformed the early Earth . 

Here we look at some of the possibilities. 

f s it possible that someday humans will walk beside a 
rushing river cascading down a lush green mountain¬ 
side underneath a dark blue sky — on Mars? Such is 
the vision behind planetary ecosynthesis — terraforming, 
or turning another planet into an Earth. The objective of ter¬ 
raforming is to alter the planet to improve the chances for 
indigenous life — or if there is no native life, to allow the 
survival of Earthly life-forms, including humans. 

Of all the planets and natural satellites in our solar sys¬ 
tem, Mars is the only possible target for terraforming in 
the foreseeable future. Mars is a small, cold, dry planet 
with a thin atmosphere, but it is still the most hospitable 
planet, besides Earth, in our solar system. Although the 
Viking results imply that there is now no life on Mars, all 
the elements necessary to support life have been found 
on the planet in some accessible form. It is the most likely 
candidate for human exploration and settlement. 

Many of Mars 1 physical features seem custom-made for 
terraforming. Its rotation rate and axial tilt, which we 
can't alter and which would control the daily and season¬ 
al cycles of life, are within five percent of the values for 
Earth. Even Mars' smallness is an advantage in terraform¬ 
ing, since in the lower gravity, maintaining a breathable 
pressure requires about three times the atmospheric 
mass as it does on Earth, This thicker atmosphere would 
be warmer, partly compensating for the planet's greater 
distance from the Sun, 

So Mars seems ripe for terraforming. But before we 
consider how to transform the planet, we must find out if 
there are enough of the key materials needed to build a 
biosphere to support life. Since it is beyond any foresee¬ 
able technology to import the needed materials, our first 
step is to determine the amount, distribution and chemi¬ 
cal state of three important compounds: water, carbon 
dioxide and nitrogen. 

These compounds primarily form Earths biosphere 
and are the components of life as we know it. Water Is the 
essential medium in which the biochemical processes of 
life occur. Carbon dioxide is the source of oxygen via pho¬ 
tosynthesis and is the primary source of carbon, which 
forms the backbones of biomolecules. Nitrogen is used in 
the construction of proteins and other essential 
hiomolecules. Life, from microorganisms to blue whales, 
needs these molecules. Terraforming Mars means rear¬ 
ranging these compounds into the desired state. 
Unfortunately, we don't know the inventory of these 
volatile compounds on Mars. We know that there's very 
little in the present-day atmosphere. However, in the 
2G past, conditions were much different. Large amounts of 


liquid water once flowed over lhe planet. This implies 
that ancient Mars had a thicker, probably carbon-dioxide- 
rich atmosphere. If water and carbon dioxide were abun¬ 
dant, then theories of planetary formation suggest that 
nitrogen should also have been plentiful Mars may once 
have had an Earth-like environment, and terraforming 
could be viewed as a restoration project. 

This wet and warm early environment didn't last long, 
and the volatiles are no longer abundant. But they didn't 
leave the planet. Current theories suggest that most of the 
water is tied up in the soil as permafrost; there is also 
water in the permanent polar icecaps. If the planet were 
warmed, the water In these reservoirs would be released. 
We think the carbon dioxide reacted with water to form 
carbonates, a type of sedimentary rock. It would be diffi¬ 
cult to liberate the carbon dioxide from the carbonate 
rocks. But large, amounts of carbon dioxide might he held 
in the soil as absorbed gases — much like a sponge holds 
water. This carbon dioxide would be much easier to get at. 

Nitrogen is the essential element about which we know 
the least. Mars may have lost most, if not all, of its nitro¬ 
gen to space, or the initial nitrogen may be buried as 
nitrates along with the carbonates. The Mars Observer 
mission should help us understand the water and carbon 
dioxide, but it can't detect nitrogen in any form. We may 
have to wait for a rover/sample return mission that can 
drill into the martian surface. 

If there is not enough water, carbon dioxide or nitrogen 
on Mars, then terraforming becomes a remote dream. If 
there are enough of these volatile elements, then we can 
consider what the planet would he like if they were 
brought back to the surface. Let's consider two cases. 

In Case I the atmosphere is composed of carbon diox¬ 
ide and nitrogen. For this composition, climate calcula¬ 
tions show that, if we could bring the atmospheric pres¬ 
sure to about twice that on Earth, then the average tem¬ 
perature would be above freezing. With the small amount 
of oxygen produced naturally by sunlight dissociating the 
carbon dioxide, this would he an ideal environment for 
Earthly plants. We could cover the martian surface with a 
rich green flora, slowly consuming the carbon dioxide 
and making oxygen. 

Humans and other animals with vascular systems, 
however, could not survive on this world. Carbon dioxide 
is lethal in high concentrations. In such an environment 
humans could move about only with the aid of breathing 
apparatus, something like scuba equipment. 

Let's now consider Case II, Here the atmosphere would 
have exactly the same level of oxygen as Earth's atmos¬ 
phere. The oxygen would come from the carbon dioxide. 
The rest of the atmosphere would be nitrogen and car¬ 
bon dioxide, which would be kept below toxic levels. The 
total pressure would be twice Earth's, but this atmos¬ 
phere would be perfectly suited for breathing by humans 
and other animals. Unfortunately, climate models indi¬ 
cate that it would be much too cold, nearly 40 degrees 
Celsius below zero. 

1 have explored an idea first suggested by James 
Lovelock for resolving this dilemma. He suggested that a 
trace amount of specially prepared gases containing fluo¬ 
rine, chlorine or bromine could augment the greenhouse 
effect on Mars. To understand how these gases could 
warm a planet, we must consider how energy leaks from 
the Earth (or a terraformed Mars) to space. Figure 1 
shows the energy coming out from Earth and how the 
greenhouse gases, water and carbon dioxide, block the 
energy's escape, A lot of Earth's energy is lost through 
the region of the spectrum where none of these gases 
absorb, known as the window region, Earth would be a 
much warmer place if we introduced molecules into our 
atmosphere that absorb in that region, (Actuaiiy, many 
scientists have speculated that the carbon dioxide 
released into the atmosphere by the burning of fossil 
fuels might already be warming Earth.) 
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Greenhouse gases, such as 
water (HyD) and carbon diox¬ 
ide (CO?) warmed the plan¬ 
ets itenus and Earth and 
may someday help to warm 
Mars , This graph shows 
how the energy emitted by 
a planet can be trapped by 
the primary greenhouse 
gases, tf future terraformers 
wanted to warm Mars 
"quickly " they might plug 
the spectral window where 
energy might escape by 
introducing chtorofiuoro- 
carbons into the 
martian atmosphere. 
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We can apply this technique to Mars, I have chosen a 
set of four compounds that could make a suitable cock¬ 
tail" of greenhouse gases. As seen in Figure I, the combi¬ 
nation of C 2 F 6( CF 3 CL, CF 2 C1 3 and CBrF 3 (ehlorofluorocar- 
bons, like those suspected of depicting the ozone (0 3 ) 
layer on Earth) does a good job of plugging the window 
region. They also absorb elsewhere, adding to the effect. 
In Earth's atmosphere* these molecules are long-lived, 
lasting about 500, 400,110 and 100 years, respectively. On 
Mars, the elements that make up these compounds are 
probably available. 

To estimate the amount of these gases wed need to 
warm Mars, I've adapted the results of calculations for 
Earth’s atmosphere. V, Ramanathan and coworkers have 
determined that these four gases, if each were at the one 
part per billion level in Earth's atmosphere, would 
increase the temperature by 0.65 degrees Celsius. To 
make the breathable martian atmosphere warmer, we’d 
need a much higher concentration. To warm Mars by 40 
degrees Celsius, we'd need between 60 and 1*000 parts 
per billion. This works out to a mass of between 9 million 
and 1*4 billion tons. If these gases must be replenished 
once every 300 years, then each year we must supply 
between 30,000 and 4 million tons. While it may be impos¬ 
sible to ship that much material to Mars from Earth, pro¬ 
ducing this much gas on Mars is probably not beyond the 
ability of a moderately sized, self-sufficient civilization. 
For perspective* note that the city of San Francisco pro¬ 
duces almost a million tons of garbage each year with no 
concerted effort. 

With a simple energy analysis, l have estimated the 
time it would take to make Mars habitable. The Sun is the 
only energy source capable of providing the energy for 
terraforming Mars, (Note that the solar energy in sunlight 
beaming down onto Mars' surface every afternoon 
exceeds the US/USSR nuclear arsenal of about 10,000 
megatons.) 

The process of warming Mars and altering its atmo¬ 
sphere naturally divides into two steps, corresponding to 
Cases I and 11. In the first step* the planet would be heated 
by a warm, thick carbon dioxide atmosphere. This w r ould 
be done by exploiting the properties of a carbon dioxide 
atmosphere. If the surface temperature were increased* 
say by warming the poles with giant mirrors, by spread¬ 
ing black soot over the polar caps or by introducing 
greenhouse gases, then the atmospheric carbon dioxide 
would also increase. This would warm the atmosphere 
still further, releasing still more carbon dioxide, making it 
warmer still* and so on. The energy to complete this step 
would be about one million joules per square centimeter. 
Assuming that this process could be triggered and could 


use one percent of the solar energy falling on Mars, it 
would take about 200 years. 

The second step would be to convert the atmospheric 
carbon dioxide and soil nitrates to the desired oxygen 
and nitrogen mixture. The only known mechanism that 
can change a planetary atmosphere is life. (We have an 
example of the process dose at hand: Earth. Between 4 
and 2 billion years ago, photosynthetic cyanobacteria 
changed Earth’s original carbon dioxide atmosphere into 
what we breathe today.) The energy needed is about 10 
times more than that required to warm the planet. 
Furthermore, biological systems are not very efficient 
converters of energy to biomass, and so step l! could take 
up to 100,000 years. However* a biological system could 
function autonomously for the entire time. 

It’s clear that life will play a major role in any terra- 
forming of Mars, and that terraforming will be a gradual, 
evolutionary process — duplicating in many ways the 
early evolution of life oil Earth. Microorganisms, the 
hardiest of Earthly life4orms and biochemically the most 
versatile* will do most of the biological processing. At a 
very early stage, we might release on Mars specially engi¬ 
neered microorganisms that could adapt to the extreme 
cold. As the planet warms and the atmosphere thickens* 
hardy species of grasses and shrubs might be intro¬ 
duced, followed by flowering plants, trees and food 
crops. After the oxygen concentration rose above the 
limit for respiration, invertebrates, insects (but please 
not mosquitos!) and the like could survive. Finally, when 
the oxygen approaches the desired value* reptiles, birds 
and mammals would complete the system. 

Perhaps it is unrealistic to expect that terraforming 
Mars could be done by Earth’s nations. While the expense 
may not be prohibitive* the timescale may be forbidding 
and the benefits intangible. Space policy makers may never 
make a conscious decision to terraform Mars, but the first 
step is already being seriously considered — the estab¬ 
lishment of a self-sufficient Mars settlement. 

If humans established themselves on Mars* self-suffi¬ 
ciency would be imperative to the long-term health of the 
settlement. Over the years a distinct group of Martians 
would certainly develop. To them the benefits of ter¬ 
raforming Mars would be quite tangible — the survival 
of their civilization,__ 

Chris McKay is a Research Scientist at /VASA s Ames Re¬ 
search Center He is a member of the Mars Sample Return 
Science Steering Group , interdisciplinary scientist for exobi¬ 
ology* on the Comet Rendezvous Asteroid Flyby (CRAF) mis¬ 
sion , and co-investigator on its radiometer experiment. Dr. 
McKay is also Coordinator for The Planetary Society s Mars 
Institute , 


















Filamentous fossils 
(top) of cyanobacteria 
(blue-green algae) are 
the eariiest known evi¬ 
dence of iite on Earth, 
dating back at least 
3.5 billion years. 

These photosynthetic 
life-forms populated 
shallow ancient seas 
where they sometimes 
" constructed u stroma¬ 
tolites (bottom), stubby 
mounds built up, 
layer by layer, as gen¬ 
erations of these bacte¬ 
ria grew toward the 
life-giving light. 
Cyanobacteria are 
probably the hardiest 
life-form known; 
although Earth Is now 
covered by legions Of 
competing forms y 
cyanobacteria still 
flourish. 
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The Origin of Life (continued from page / 1) 

may have been organic compounds formed either on 

Earth or by accretion from extraterrestrial sources. 

An even more abundant source of catalysts would have 
been the reservoir of minerals and salts on Earth's surface. 
Clays and other minerals formed by the weathering of rocks 
are known to absorb and catalyze reactions of organic com¬ 
pounds today, so it is likely that they catalyzed reactions on 
the primitive Earth. The massive task of investigating the 
catalytic properties of minerals that may have abounded 
on the early Earth has only just begun. 

Life requires the interaction of polymers (molecules of 
many repeating units) and monomers (those single, free 
units) in a restricted environment that segregates the 
biological molecules from substances or environmental 
conditions that can prevent the cooperative interaction 
found in living systems. This cooperative interaction 
may have been inhibited on the primitive Earth by harm¬ 
ful chemical reactions with other compounds ("poisons") 
in the environment, by the dissolution of a fragile molecu¬ 
lar complex due to the downpour of rain, or by excessive 
solar ultraviolet light. 

One approach of nature to solving these problems 
may have been to bind the organic molecules of life to a 
mineral surface, much in the same way that moss binds 
to a rock. The food for this first life may have been dis¬ 
solved in water that washed over the bound molecular 
complex. If this niche were submerged, it would have 
been shielded from much of the destructive solar ultravi¬ 
olet light, And, since this life was bound to a mineral sur¬ 
face, it would not have been washed away in a down¬ 
pour. But we don’t know how this first life would have 
been protected from environmental poisons. 

In an alternative scenario, the compounds constituting 
life may have been surrounded by membranes that 




shielded them from environmental hazards. This feature 
is very successful in protecting present-day microbial 
life. Only a few experimental studies have been performed 
to test this hypothesis, and it is not dear whether or not a 
membrane would spontaneously form around polymers 
under primitive Earth reaction conditions, 

RNA — The First Riopolymer? 

A fundamental concern in the field of life’s origins is what 
molecules were essential for the first life. DNA (deoxyri¬ 
bonucleic acid) and protein are the central biological 
polymers in contemporary life, DNA stores the genetic 
information in chromosomes so that similar characteris¬ 
tics are carried from one generation to the next. The 
information in DNA is expressed in proteins. Protein per¬ 
forms the structural and catalytic functions that are 
characteristic of a particular species. Thus, in living sys¬ 
tems, DNA is the director and protein is the doer. 

DNA and protein have very different structures, as 
shown in Figure 2 (see page 11). DNA has a very conser¬ 
vative double-stranded structure that is ideal for infor¬ 
mation storage. All DNA looks pretty much the same. But 
because each protein must perform a different function, 
each one has a different structure. The twists and turns 
of the protein shown in Figure 2 illustrate the variety of 
structural units in protein, in contrast to the 
monotonous double helical structure of DNA. 

RNA (ribonucleic add) provides the link between DNA 
and protein in contemporary life. RNA carries the genet¬ 
ic information encoded in DNA to the molecular machin¬ 
ery in the cell that synthesizes protein. The main role of 
RNA is that of a messenger which helps in the synthesis 
of protein. 

For many years scientists studying the origins of life 
argued over which structural type was more important in 
the first living systems, protein or DNA. The problem with 
this chicken-or-egg argument is that neither structural type 
alone can fulfill all the requirements of a living system. 

Recently some of these scientists have changed their 
thinking on life’s origins. This new direction was inspired 
by the recent observation that RNA has catalytic proper¬ 
ties similar to those of protein. This finding, coupled with 
earlier studies showing that genetic information could be 
stored in RNA, indicates that RNA could carry out the 
functions of both DNA and protein. The similarity of RNA 
to DNA is evident in its structure (Figure 2), RNA is 
formed from building blocks almost identical to those of 
DNA, but its three-dimensional structure resembles that 
of protein. And, like the proteins, each RNA has a differ¬ 
ent three-dimensional structure. 

These and other observations suggest that RNA may 
have been the first biological polymer. Life eventually 
switched over from RNA to DNA and protein because 
these molecular specialists are better able to perform 
the tasks of information storage and catalysis. This 
important conclusion not only removes the problem of 
which came first, protein or DNA, but it also focuses 
attention on the prebiotic synthesis of RNA. Several 
research groups are now investigating whether it could 
have been likely for RNA or RNA-related structures to 
have formed spontaneously on the early Earth. 

We've made remarkable progress in our understanding 
of the origins of life since Miller's pioneering experiments 
some 35 years ago. We re still a long way from understand¬ 
ing the exact processes that led to the first biological poly¬ 
mers, but we've bettered our understanding of the path¬ 
ways for the synthesis of the precursors to these polymers. 
Using both laboratory studies and spacecraft probes, we 
will rapidly advance this fascinating field of research. 


James P. Ferris is Professor of Chemistry at the Renssel¬ 
aer Polytechnic Institute in Troy, New York. He is Editor of 
the journal Origins of Life, and was Choir man of the 
1987 Gordon Conference on the Origin of Life. 




World 



by Louis D. Friedman 


MOSCOW; On October 4, 1987, the 30th 
anniversary of Sputnik , a remarkable inter¬ 
national space forum was held in Moscow. 
More than 350 American, Western Euro¬ 
pean and Japanese participants joined ap¬ 
proximately 500 Soviets and Eastern Euro¬ 
peans in the forum. Planetary Society 
President Carl Sagan and Director Thomas 
Paine were among a dozen leaders addres¬ 
sing the plenary sessions. 

The sessions focused on international 
cooperation in space exploration, with 
principal sessions on space science, eco¬ 
nomics, international activities, piloted 
flight and Earth applications. In space sci¬ 
ence, participants reported on the Kvont 
mission’s observations of the recent super¬ 
nova in the Large Magellanic Cloud. 

A tour of the Cosmonaut Training Cen¬ 
ter in Star City brought together the 
largest group of people ever assembled 
who have flown in space. Forty-one astro¬ 
nauts and cosmonauts Took part in the 
exciting event. The US participants were 
Kathy Sullivan, Owen Garriott, James van 
Hoften, John Fabian, Stuart Roosa, Rich¬ 
ard Gordon and Charles Walker. Mexico’s 
Rudolfo Meri, who flew on a US mission, 
also joined in. The impressive Soviet 
group included such notables as General 
Vladimir Shatalov t Commander of the 
Training Center, General Alexei Leonov of 
the ApotloSoyuz mission, and Valentina 
Tereshkova, the first woman in space. 
Society Executive Director Louis Friedman 
asked a question that launched the assem¬ 
bled space fliers into an interesting debate 
on the merits of artificial gravity for 
human flight to Mars versus traveling 
weightless. The verdict? Most voted that 
weightlessness was the way to go* Then, 
in response to Owen Garriott's request, 
the audience (mostly space scientists and 
engineers) voted — just the opposite! 

Human flight to Mars was the principal 
topic of discussion for many of the forum s 
participants. As Tom Paine put it, the 
world is waiting to see the United States 
and Soviet Union get together on this. 

The Planetary Society played a major 
role in helping American participants with 
travel arrangements and communications. 
In the plenary session both Sam Keller, 
leader of the NASA delegation, and Roald 
Sagdeev, chairman of the forum, cited and 
complimented the important role of the 
Society Two principal groups whom we 
helped were American ex-astronauts and a 
delegation of space artists, who held an 
exhibition in connection with the forum. 


The art exhibition featured works by 
American artists Jon Lemberg, Ron Miller, 
Pamela Lee, Don Davis, Michael Carroll 
and Kim Poor, with the participation of 
many Soviet artists. The successful show 
generated plans for future international 
exhibitions, which the Society will help 
sponsor. One big Society event will be 
Planetfest 89, to be held during Voyogefs 
Neptune encounter in August, 1989. 

At The dosing session, the official US 
delegation leader, Dr. Thomas Rona of the 
White House Office of Science and Tech¬ 
nology Policy, announced a follow-up con¬ 
ference in 1988 on the impact of space sci¬ 
ence on humanity to be hosted by the 
United States. 

WASHINGTON: As we went to press, the 
US planetary exploration program was 
getting a lift from various congressional 
supporters, including the House Science 
and Technology and Senate Appropri¬ 
ations Committees. Money was added to 
the Reagan administration's budget 
request for space science missions. In par¬ 
ticular, the Mars Observer received a much- 
needed boost* Although the possibility of 
a 1990 launch was irrevocably lost when 
NASA ordered all work stopped on an 
expendable launch vehicle (ELV), the 
extra money will enable some important 
mission improvements, including the pos¬ 
sibility of an ELV launch in 1992. Although 
the House Committee wants that option, 
NASA is still fighting it. NASA has, howev¬ 
er, argued in favor of additional spacecraft 
procurements as back-up for launch fail¬ 
ures and for possible future use on a 
Lunar Polar Observer. 

NASA also favorably reviewed both the 
Comet Rendezvous Asteroid Flyby (CRAFJ 
and Advanced X-Ray Astronomy Facility 
(AXAF) and recommended both missions 
to the Office of Management and Budget as 
new starts in fiscal year 1989, CRAFs main 
objective is to fly alongside and thoroughly 
study Comet Tempel 2 beginning in Oc¬ 
tober 1996. After measuring the mass of its 
nucleus, the spacecraft will make a detailed 
map of the comet's entire surface. On its 
way to Tempel 2, CRAF will travel through 
the asteroid belt and do similar studies on 
a large asteroid named 46 Hestia. 

MOSCOW, PARIS, BRIGHTON: The 
Planetary Society' reported on its coopera¬ 
tive Mars Balloon study at the Institute for 
Space Research, Moscow: the Centre 
National d'Etudes Spatiales (CNES) T Paris; 


and the International Astronautical 
Federation Congress in Brighton, England. 
The study was organized in cooperation 
with the Jet Propulsion Laboratory, the 
California Institute of Technology and 
CNES, and included personnel from these 
organizations, several universities, Ball 
Aerospace Corporation and Titan Systems 
Corporation. The study validated the dual 
thermal-helium balloon concept (see 
the July/August 1987 Planetary Report ) 
through computer-modeling and flight 
testing, defined a payload container to 
meet mission requirements, and consid¬ 
ered a feasible imaging approach for the 
balloon camera. The report was well 
received and now appears to be having 
considerable effect on Soviet, French and 
American planning for balloons in the 
exploration of Mars, 

At the International Space Forum meet¬ 
ing the Soviets indicated that their Mars 
balloon mission is now scheduled For 1994. 
One mission description, called Colomb 
(for Columbus), states that the mission 
would include a 30 kilogram (66 pound) 
rover. 

BRIGHTON: At the annual meeting of the 
international .Astronautical Federation, the 
leaders of the Soviet and American plan¬ 
etary exploration centers reported on new 
plans for missions to Mars in the late 
1990s. Dr. Lew Alien, Director of NASA's 
Jet Propulsion Laboratory and Dr, V. M. 
Kovtunenko, Scientific Director of Glav- 
kosmos’ Bahikan Space Center, presented 
remarkably parallel papers about Mars 
sample return and rover missions, 

The two directors discussed launch 
options, orbital rendezvous, entry into 
Mars orbit, sampling strategies, rover 
operations, Earth return and sample anal¬ 
ysis, and options for international cooper¬ 
ation in space. Dr. Allen answered a Soviet 
question about the realism of US/USSR 
cooperation by saying, "It would be unre¬ 
alistic not to plan on such cooperation; 
Ihe question is how much and what 
degree of interaction will occur." He also 
contrasted the more balanced US program 
of planetary exploration with the Soviet 
focus on Mars* 

Other papers at the Mars session cov¬ 
ered topics ranging from the Soviets' 1988 
Phohos mission to possible human settles 
meats on Mars in the next century* 


Louis Friedman is the Executive Director of 
The Planetary’ Society. 2S 











The Solar System in Pictures and Books 


ORDER 

NUMBER 


Books 


price (IN 
US DOLLARS] 


105 

Atlas of the Solar System by Patrick Moore 

and Garry Hunt. 464 pages SOLD OUT 

ioa 

Beyond Spaceship Earth: Environmental Ethics and the Solar 
System edited by Eugene C, Hargrove, 336 pages. 

820,00 

110 

Comet by Carl Sagan and Ann Druyan. 398 pages. 

$20,00 

115 

Cosmic Quest: Searching for Intelligent Life Among the Stars by 

Margaret Poynter and Michael J. Kelin. 124 pages, 

$9.00 

120 

Earthwatch by Charles Sheffield. 160 pages SOLD OUT , 

124 

Entering Space by Joseph P Allen 239 pages 

$15,00 

127 

Flvbv — The Intern la netarv Odvssev of Vovaoer 2 

by Joel Davis, 237 pages 

$18.00 

129 

Living in Space — A Manual for Space Travellers 

by Peter Smolders 160 pages. 

SI 3.50 

130 

Mercury — The Elusive Planet by Robert C. Strom. 197 pages. 

$18,00 

135 

Nemesis: The Death-Star and Other Theories of Mass Extinction 

by Donald Goldsmith 166 pages. 

$14.00 

137 

New WorldsTn Search of The Planets 

by Heal her Cooper and Nigel Henbesl. 144 pages Soft Cover 

$11.50 

140 

Out of the Cradle: Exploring the Frontiers Beyond Earth 

by William K. Hartmann, Ron Miter and Pamela Lee.190 pages. 

S11.00 

145 

Pioneering the Space Frontier by the National Commission on 

Space, 211 pages. 

$12,00 

150 

Planetary Exploration through Year 2000: An Augmented Program. 

Pah two of a report by The Solar System Exploration Committee 
of the NASA advisory council, 239 pages 

SI 0.00 

155 

Rinqs — Discoveries from Galileo to Vovaoer bv James Elliot and 
Richard Kerr. 209 pages. 

$16*00 

155 

Saturn by Seymour Simon. Age 8-11* 28 pages. 

$12.00 

158 

Space — The Next 25 Years by Thomas R, McDonough, 237 pages. 

$16.00 

159 

The Case for Mars edited by Penelope J. Boston. 314 pages. 

$18,00 

160 

The Case for Mars II edited by Christopher P, McKay 

700 pages, Soft Cover 

£26.00 

165 

The Grand Tour: A Traveler's Guide to the Solar System by Ron 

Miller and William K. Hartmann. 192 pages. 

$10.00 

170 

The Mars One Crew Manual by Kerry Mark Joels. 156 pages 

$10.00 

175 

The Mars Project by Senator Spark Matsunaga. 215 pages. 

$15.00 

178 

The Nemesis Affair by David M Raup. 220 pages 

S 6.25 

180 

The Planets edited by Byron Preiss, 336 pages. 

$22,00 

183 

The Search for Extraterrestrial Intelligence: Listening for 

Lite in the Cosmos by Thomas R McDonough. 256 pages 

$18,00 

185 

The Surface of Mars by Michael Carr. 232 pages. 

$16.00 

187 

To Utopia and Back — The Search for Life in the Solar System 

by Norman H Horowitz 168 pages. 

$11.00 

180 

The Voyage of the Ruslan by Joshua Stoff, Age 9-13. 103 pages. 

$11.50 

190 

Voyager: The Story of a Space Mission by Margaret Poynter and 

Arthur C. Lane. 152 pages SOLD OUT 

ORDER 

NUMBER 

* Videotaoes price tw 

L US DOLLARS? 

410 

411 

VHS Comet Halley [60 min. videotape) 

BETA 

$15.00 

420 

421 

422 

VHS Mars* the Red Planet (30 min. videotape) 

BETA 

PAL 

$30.00 

430 

431 

432 

VHS The Vovaoer Missions to Juoiter and Saturn 

BETA (28 min. videotape) 

PAL 

$30,00 

440 

441 

442 

VHS Universe (30 min videotape) 

BETA 

PAL 

$30.00 

450 

451 

452 

VHS Uranus — 1 Will See Such Things [29 min. videotape) 

BETA 

PAL 

$30*00 

Gifts 


ORDER 

NUMBER 

* Color Reproductions 

PRICE (lH 
US -DOLLARS) 

P 305 

AdoIIo — photograph of Earth - full disk (16*x20" laser print) 

$ 8.00 

308 

Earth at Night (23'x35" poster) 

$ 6.00 

310 

Earthprint — photograph of North America (8"x10" laser print) 

$ 4.00 

315 

Earthrise — photograph of Earth from the Moon 
( 16"x20" laser print) 

$ 8.00 

^320 

Halley Encounter — 2 pictures from Vega and Giotto missions. 

$ 2.50 

321 

Uranus Encounter — 4 pictures from Uranus and its moons. 

$ 4.50 

322 

Jupiter — photograph of southern hemisphere [16"x20'' laser print) 

$ 8.00 

323 

Mars — landscape from Viking Qrbiter (16’x20" laser print) 

$ 8.00 

325 

Other Worlds (23 'ttS* poster) 

S 7.00 

330 

Planetfest H 81 — Saturn and the F-ring (Iwo 23"x35 H posters) 

$ 5.00 

333 

Saturn — photograph of full view (l6'x20 Hf laser print) 

$ 8.00 

334 

Solar System Exploration (35*x35" map with booklet) 

$ 9.00 

335 

Vovaoer 1 at Saturn (set of five posters) 

$16.00 

336 

Solar System in Pictures — 9 pictures 

$10.00 

337 

Uranus — Sunlit Crescent (16*x20" laser print) 

$ 8.00 

340 

"You Are Here' 4 (23*x29“ poster) 

$ 5.00 

number * 35mm Slide Sets 

PRICE (IN 

US DOLLARS) 

205 

Chesley Bonestell's Vision of Space (40 slides with sound cassette) 

$15.00 | 

210 

Remember Halley s Comet (20 slides with description) 

$10.00 

213 

Mars (20 slides with description) 

£10.00 

220 

Vikina 1 & 2 at Mars (40 slides with sound cassette) 

$15.00 

225 

Vovaoer 1 & 2 at Jupiter [40 slides with sound cassette) 

$15,00 

230 

Vovaoer 1 Saturn Encounter (40 slides with sound cassette) 

$15.00 

231 

Vovager 2 Saturn Encounter (40 slides with sound cassette) 

$15*00 

235 

Vovaoer Mission to Uranus (20 slides with description) 

$ 7.00 

240 

Worlds in Comparison (15 slides with booklet) 

$12.00 

* Other Items 

PRICE! IN 

US DOLLARS) 

505 

An Explorer's Guide to Mars (color map of Mars) 

$ 4.00 

510 

Back Issues of The Planetary Report — each volume contains six 
issues (Voi. I.-5.6, Vol H-1,6, Vol. ill-2, Vol. IV-2, Vol. VM ,4 
have been sold Out.) Specify the issues you are ordering by 
volume and number Each 

$ 2.00 

515 

The Planetary Society Logo — bookmark (6“x2") 

$ 1.00 

516 

We’re Saving Space for You — bookmark £6"x2”) 

$ 1.00 

520 

Exploring the Universe — 1988 calendar 

$ 7,00 

526 

Hugg-A-Planet-Earth — 14" diameter pillow 

$14.00 

530 

M l Love Mars, That's Why 1 Joined The Planetary Society" T-Shirt 

burnt orange S M L XL 

$ 8.00 

535 

Mars Model by Don Dixon and Rick Sternbach 

$65.00 

540 

Men's T-Shirt — white with blue logo. S M L XL 

$ 9.00 

541 

Women's T-Shirt — navy with white logo, S M L XL 
[sizes run small) 

$ 9,00 

545 

Planetary Report Binder — blue with gold lettering (2 for $16.00) 

$ 9.00 

550 

TPS Buttons — blue with logo 

— $ too" 


ORDER 

NUMBER 

• Membership 

PRICE UN 

US DOLLARS) 

003 

Membership (non-U S add $5.00 each) 

$20*00 

004 

Gift Membership (norr-U S add $5.00 each) 

$20*00 



A card will be sent to each person who receives a gift membership and will be enclosed in the package with gift 
merchandise. If you have a special greeting, please let us know. Otherwise we will use your full name. 

Shipping information 

We process orders upon receipt and you can expect most orders within three weeks. However, in some cases it can 
take from four to six weeks. In the U S we prefer to ship by UPS, so we need your street address and apartment 
number for UPS delivery. Items ordered together are not necessarily shipped together. 


Queers of The Planetary Society do not receive any proceeds from sales of books of which Ihey are authors or contributors. 






































































































Older Form 

AN Prices Are in US Dollars / On Foreign Orders, Convert Prices to Equivalent Value 


Send these items to me. 



ITEM 

NUMBER 

QUAN 

DESCRIPTION 

PRICE 

EACH 

PRICE 

TOTAL 






NAME 






ADDRESS 






CITY, STATE ZIP 






COUNTRY 













The items below are gifts. Please send card and gift to the addresses shown. 



ITEM 

NUMBER 

QUAN 

DESCRIPTION 

PRICE 

EACH 

PRICE 

TOTAL 

NAME 






ADDRESS 






CITY, STATE. ZIP 






COUNTRY 






GREETINGS PROM 







ITEM 

NUMBER 

QUAN 

DESCRIPTION 

PRICE 

EACH 

PRICE 

TOTAL 

NAME 






ADDRESS 






CITY. STATE. ZIP 






COUNTRY 






GREETINGS FROM 






Additional Information 

Holiday Crunch! Please order early! Our sales staff will be working overtime to get your orders filled in lime 
for the holidays. Orders placed early will not only make their job easier, but will insure that your carefully 
selected gifts are not swallowed up in the holiday crush. 

For a written description of each item, see back issues of The Planetary Report or write to The Planetary 
Society, 65 N. Catalina Avenue, Pasadena, CA 91106. 


If you need more room, just attach another sheet of paper. 


Payment Information: 

DAYTIME TELEPHONE NUMBER{ ) 

□ CHECK OR MONEY ORDER ENCLOSED FOR £ (Sorry, no C.Q-D.'S) 

n visa n M'C n am exp expiration date / / t / 

Merchandise Total: 


Sales Tax 

California residents add 6 % 

Los Angeles residents add an 
additional transit lax 


COMPLETE ACCOUNT NUMBER 

SIGNATURE (11 you're charging} 

For faster service on 

MAIL ORDER AND PAYMENT TO: credit card 0rders: 

THE PLANETARY SOCIETY Phone 9 A M .5 PM 

65 N. Catalina (F’acific Time) 

Pasadena, CA 91106 (818) 793-5100 

Shipping and Handling 

All orders add 10% 

(maximum $10 00 ) 

Non-US add an additional $4.00 


Gift Memberships 

(non-taxable) 


Total Order: 

















































SPACE MOLECULES - 
Even in the spaces 
between the stars 
scientists have 
detected the molecules 
essential to life. In this 
painting, a few of those 
molecules ftoat with 
some of the worlds 
that interest biologists. 

Jon Lomberg designed 
The Planetary Society's 
logo and recently served 
as art director for "Death 
of a Star," a program in 
the NOVA series seen on 
the Public Broadcasting 
Service. 
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